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1.  Introduction 
Galaxies are the basic building blocks of the Universe. They are well defined dynamically bound 
astronomical objects that consist of dark matter haloes containing gas and a stellar structure. 
Galaxies are old structures and there are confirmed observations of primordial galaxies from as 
high redshifts as z = 11.09, which is only 400 million years after the Big Bang (Oesch et.al 2016). 
Moreover, there are unconfirmed observations of candidate galaxies from similar redshifts, but 
until spectra of these candidate galaxies can be measured they remain candidates. The 
observations cannot be done until a new generation of larger telescopes, for example the 40 
meter telescope E-ELT are ready to be used. What this means, is that star and galaxy formation 
started less than 500 million years after the Big Bang. Therefore galaxy evolution happens on 
cosmological timescales and the earliest observed galaxies from the early Universe are very 
different from galaxies in the present Universe at z=0 (Houjun et. al. 2010, referred as MBW 2010 
from now on). Since the environment and metallicity, meaning heavier elements than helium, 
were different in the early Universe, the understanding of cosmology is an essential part for 
understanding galaxy formation. 
The modern view of the Universe states that it is homogenous and isotropic on large-scales. 
However, the Universe needs a specific set of initial conditions so that structure formation can 
take place. These initial conditions go beyond the theory of general relativity and need other 
physics in order to be explained, for example to explain small perturbations from the perfect 
uniformity. Also the expansion of the Universe and the current size cannot be explained just by 
using standard physics. The best model to explain these phenomena is the inflationary model. 
According to that model the Universe went through a rapid phase of faster than light expansion, 
which occurred 𝑡~10−37𝑠 − 10−32𝑠 after the Big Bang. This caused the scale length 𝑅(𝑡)  to 
grow exponentially by a factor of ~𝑒70 = 1030 (Sparke 2007). It also explains why the observable 
Universe is seen to be similar in all directions. In addition, perturbations in the cosmic microwave 
background (CMB) resulted most probably from the quantum fluctuations in the inflaton field in 
the very early Universe. (MBW 2010) 
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According to modern cosmology, the observations of distant galaxies should resemble those 
nearby, but only in earlier stages of their evolution. Currently the most favored cosmological 
model is the ΛCDM model, or Lambda Cold Dark Matter model. In the Cold Dark Matter model, 
or CDM model, the dark matter particles move slowly when compared to the speed of light. It is 
also the most preferred model when it comes to galaxy formation. According to this model the 
Universe consists of three main components. Firstly, the baryonic matter, which is the ordinary 
matter of the visible universe, secondly cold dark matter and lastly dark energy. The distribution 
of these three components in the present Universe is 68.3% dark energy, 26.8% dark matter and 
only 4.9% ordinary baryonic matter (Planck Collaboration 2013). 
For galaxy formation to start, perturbations in the density field must exist since the collapse 
cannot start in a homogenous environment. The observed perturbations have a temperature 
relation 𝛿𝑇 ∝ 𝛿𝜌  and in the observed cosmic microwave background they are observed to be of 
the order of 
𝛿𝜌
𝜌
~10−5  (MBW 2010). After establishing the cosmological model and initial 
conditions, the circumstances are such that it is possible for density perturbations to exist in the 
expanding Universe, where non-relativistic matter is the dominating component. Over-dense 
regions will attract more material towards them than their surroundings so that in the expanding 
Universe the relation between over-density and time is  
𝛿𝜌
𝜌
 ∝  𝑡2/3 for a matter dominated Ω𝑚 =
1 model. This model takes into account the expansion of the Universe, which has a dampening 
effect on the growth. The amount of the dampening depends on the cosmological model used, 
but is always a factor that must be taken into account. When a perturbation reaches the limit of 
over-density 
𝛿𝜌
𝜌
≈ 1 it starts to collapse non-linearly and it decouples from the expansion. (MBW 
2010) 
From the structure and galaxy formation point of view, the important thing is naturally the 
compositions of matter in the over-dense regions. If the over-dense perturbation consists mainly 
of dark matter, it will form into more loosely gravitationally bound structures. However, the 
abundances between dark and baryonic matter inside the over-dense regions are initially close 
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to their universal proportions. In this situation, gas contracts inside a dark matter halo. Eventually 
the gas heats to the virial temperature due to shock effects.  
Primordial galaxy formation may only start when gas cools down in a dark matter halo. Cooling 
itself depends on various properties and processes. The halo mass sets a limit to the virial 
temperature 𝑇𝑣𝑖𝑟, which is the maximum temperature for gas that the halo is able to hold on to. 
In a massive halo gas is fully ionized and the virial temperature may be as high as 𝑇𝑣𝑖𝑟 ≥ 10
7 K. 
When the virial temperature is in the range 104K ≤  𝑇𝑣𝑖𝑟 ≤ 10
5K all of the gas is no longer 
ionized. Now photons are emitted due to electron recombination with ions and atoms decaying 
to the ground state after being excited to a higher state in collisions with other particles. Lastly 
in haloes, for which the virial temperature is lower, 𝑇𝑣𝑖𝑟 ≤ 10
4𝐾, gas is mostly in a neutral state. 
Cooling rates will also drop drastically since the cooling of neutral gas is inefficient without 
metals. 
As a result of cooling, the gas starts to condense inside a dark matter halo. The spherical shape 
of the original gas cloud reforms slowly towards a disk-like structure at the centre of the halo 
when particles at poles with lower angular momentum start to fall down towards the centre. 
During the whole process the total angular momentum is still conserved. Eventually, when gas is 
dense enough and the gas cloud is shaping into a disk-like structure, star formation begins. 
However, the model is not so simple since observations clearly show that most of the baryonic 
matter inside galaxies is not tied to stars or in the form of cold gas. Therefore, there must be 
something that prevents gas from cooling down rapidly. 
Dark matter does not cool down so all interactions other than gravitational effects happen 
between baryonic matter. This means that the baryonic matter inside a dark matter halo 
concentrates while the surrounding dark matter does not. As a result the collapse will change to 
catastrophic collapse when the gravitational effect of the gas becomes larger than the self-gravity 
of the surrounding dark matter. Star formation may begin at this point when rapidly collapsing 
gas can fragment into smaller clumps due to shortened cooling time, which is now faster than 
the local collapse time. This is because the density 𝜌 has a different effect on cooling and heating. 
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Because cooling, except for Comptong cooling, is always a two-particle reaction, this means that 
density affects cooling ∝ 𝜌2 and heating ∝ 𝜌. 
The currently favored model of galaxy formation is the so called 'bottom-up' model. Based on 
this model all galaxies start small and then grow in time as they will merge with each other. This 
means that the elliptical galaxies are not formed directly, but as a result of several mergers during 
a long period of time. The formation process of elliptical galaxies is still uncertain. Although the 
most primordial state are irregular galaxies, disk galaxies are the next stage and therefore more 
primordial than elliptical galaxies, which is the reason why disk galaxies are also the main focus 
of this thesis. However, elliptical galaxies have the oldest stellar population and they are the 
oldest existing galaxies in the present day universe. In this context the most primordial does not 
mean the same as the oldest stellar population, instead primordial refers to the classification of 
galaxies.     
After the collapse starts the gas can fragment into smaller high density cores of molecular gas. 
These are star-forming regions where stars start to form at the same time as the disk galaxy forms 
itself. However, during the formation process most of the gas inside galaxies is not bound into 
stars. Instead when disk galaxies form inside a dark matter halo there is much more baryonic 
matter available in gas that can be seen in stars. This contradicts the basic CDM model, according 
to which most of the gas should cool down and form stars. This is the so called overcooling 
problem and based on the observations that clearly show that all gas is not already in stars there 
needs to be some processes that transfer energy into the gas. Otherwise almost all gas in the 
galaxies should have rapidly cooled down and collapsed into stars after the initial collapse started 
as can be seen in simulations without a feedback process. 
There are two important feedback processes that are general enough to exist during the 
formation of every disk galaxy, although the efficiency is strongly dependent on the mass of a 
galaxy. These feedback processes are also strong enough to heat gas, or even expel it from the 
galaxy, and by this way slow down star formation. The first is the feedback from Active Galactic 
Nuclei (AGN). In the centre of every massive galaxy lies a supermassive black hole (SMBH). When 
matter in the centre of a galaxy is falling towards the SMBH it heats up and radiates so strongly 
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that the galactic nuclei may outshine the rest of the galaxy. This also heats gas in the central parts 
of the galaxy and prevents star formation. Although AGNs are very significant contributors of 
energy, they cannot alone solve the overcooling problem since the AGN is a short lived phase in 
a galaxy's life. AGN can work in the early phase of galaxy formation when there are much more 
gas available that falls into the SMBH at the centre of the galaxy. AGN can also work periodically 
whenever something happens, for example collisions between galaxies that will lead to matter 
falling into the SMBH. In both cases the timescale AGN is active is much smaller than the lifetime 
of the galaxy and therefore AGN cannot dominate the regulation of star formation during the 
whole galaxy’s lifetime.  
AGN may have greater effect in larger galaxies because of the 𝑀𝐵𝐻 ∝ 𝜎 relation, which means 
that large galaxies also have larger supermassive black holes. Small black holes do not have as 
great influence, but in the case of larger supermassive black hole this can have more significant 
impact.  (MBW 2010) 
The second and much more long-lasting effect is supernova feedback (SN feedback). It is not as 
observationally visible as AGNs that can be seen as quasars from very high redshifts. However, 
Ultra-Luminous Infrared Galaxies, or ULIRGs, are starburst galaxies that can be seen also from 
great distances. Supernova explosions do happen in the entire galaxy volume, or more specifically 
in dense star-forming regions where also the cool gas is. Without the SN explosions almost all gas 
would collapse and turn into stars. Since stars that explode in supernovae are massive and live 
short lives, also gas heating caused by supernovae happens on the long term, or as long as there 
is star formation going on. This is the feedback process, which is inspected in more detail in this 
thesis. The best way to see effects of supernova feedback are starburst galaxies where the star 
formation is very active and also the supernova frequency is higher than in normal disk galaxies. 
One example of this kind of starburst galaxies is M82 seen in Figure 1.  
As mentioned above, galaxies were formed in the early Universe, which also means that there 
were virtually no metals available. Metals, heavier elements than hydrogen and helium, are born 
inside stars and in SN explosions. In addition to dust, also metallicity is important, because it 
strongly affects cooling efficiency and in this way galaxy formation.  
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In this thesis a one-dimensional simulation code is used to model the formation of a disk galaxy. 
The simulation is a simplified model and therefore has its limitations. Firstly, the gas consists 
initially only of hydrogen and helium, but is consistent with the CDM model of galaxies forming 
in the very early Universe. Secondly, the only feedback effect is the feedback from supernovae. 
Other feedback mechanisms, such as black hole feedback is not taken into account in this 
simulation. Also this is in agreement with galaxy formation theory, since the feedback from 
supernovae is the dominant feedback effect in the long term. Finally, the gas can escape from 
the box where the simulation is run, but the escaped gas cannot fall back into it.  
 
 
Figure 1: Messier 82 is a starburst galaxy located approximately 12 million light-years away. (Image: NASA, ESA, The Hubble 
Heritage Team, (STScI/AURA)) 
Since the simulation can only eject gas from the box, there is no infalling gas from outside the 
dark matter halo. So all collisions coming outside this box are excluded, which would normally 
affect the star formation inside the galaxy. Even though gas cannot fall in, the ejected gas is still 
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taken into consideration. Also the interstellar medium is simplified to include only cold and hot 
gas. Warm gas is excluded because the quantity is smaller and this gas does not have a large scale 
influence. 
The plotted quantities, such as metallicity and star formation density in this simulation will tell 
how the galaxy will evolve in empty space starting from primordial conditions similar to 
conditions in the early low metallicity universe. 
1.1.   Goal of the Thesis 
Galaxy formation involves several feedback and interaction mechanisms that affect the 
formation process in different ways and that can have consequences of various magnitudes. 
Understanding different mechanisms that might disturb (negative feedback) or advance (positive 
feedback) the formation process is a fundamental part of understanding galaxy formation.  
The goal of this thesis is to introduce the theory behind disk galaxy formation and feedback 
mechanisms that affect the formation process. The main feedback mechanism introduced is the 
supernova feedback and its effects on galaxy formation. At first the theory and fundamental 
physics are introduced and followed by tests that are done using a simulation code written by 
Efstathiou (2000).  
The goal, with the simulation code, is to test the theory with a massive Milky Way-like disk galaxy 
model as well as with a less massive dwarf galaxy model and compare the results between these 
two models. The main goal is to discover how changing the initial parameters will affect the 
formation of the galaxy and to show that high rates of star formation are not required to drive 
effective supernova driven feedback, which can effectively work in a quiescent mode instead. 
Also the aim is to discover if an analytic model can be used to explain why there are still ongoing 
star formation in the present day disk galaxies and to explain why most of the initial gas is not 
turned into stars. 
Four different cases are tested for both disk galaxy models. The first two cases follow the steps 
and initial parameters presented by Efstathiou (2000). The purpose with the first two cases is to 
set basic reference points by using only the most fundamental initial parameters. Secondly, the 
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purpose with the first cases is to test that the old simulation code can be used with the modern 
systems and to create similar results that were presented by Efstathiou (2000).  
The last two cases for both galaxy models give new results. In the third case the basic model is 
altered with refinement parameters, which are introduced in detail in chapter 4. Because there 
are many simplifications in the basic model it is important to test if a more refined model would 
result in a different outcome. The fourth case simulates a starburst-like galaxy with high star 
formation efficiency combined with a smaller feedback efficiency than was used in the first two 
cases. Starburst galaxies, for example Messier 82 shown in Figure 1, have an exceptionally high 
rate of star formation. The goal is to test if starburst phase would cause exceptionally high 
feedback preventing further star formation in the galaxy compared to the quiescent mode 
presented in the other cases. 
1.2.   Structure of the Thesis 
Chapter 2 concentrates on the theory of disk galaxies in general and after that the reader should 
have a basic understanding of disk galaxies. At first different classifications of disk galaxies are 
introduced followed by a presentation of features regarding the brightness of disk galaxies. 
Finally in chapter two rotational properties are introduced creating a foundation to understand 
the basic principles of different galaxy models used in the simulation. 
The goal of chapter 3 is to introduce the theory of star formation and supernova feedback in 
detail. It is important to understand the conditions where the star formation is happening and in 
what kind of elements the gas can be found inside a galaxy. Therefore, the basic physics of the 
interstellar medium are introduced. To understand how gas can transform from one phase to the 
other in the ISM it is essential to understand different cooling processes and timescales of these 
processes as well. Before going deeper into the feedback process the basics of star formation and 
evolution are presented. Regarding this thesis the emphasis is on the physics of supernovae. In 
chapter 3 different types of supernovae are introduced and what their contribution to the 
feedback process is. Finally, the feedback process is introduced including methods of energy 
distribution, metallicity abundances in different types of supernovae and how all these topics 
affect the chemical evolution of a galaxy. 
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In chapter 4 the simulation model (E00 model) is introduced and connected to the theory 
presented in chapters 2 and 3. Several approximations and simplifications are assumed in the 
simulations, which are introduced in the beginning of this chapter. After giving an overview of 
the isolated semi-closed box model and other approximations the basic simulation model is 
presented. The simulation requires several input parameters that define different initial 
conditions of the halo. The basic simulation model is refined further with additional elements 
that are introduced in the end of chapter 4. Finally, the simulation output includes several output 
parameters, which concentrate on the mass and chemical evolution of the galaxy. 
In chapter 5 the E00 model introduced in the previous chapter is used and the results from these 
simulation runs are presented. There are a few different models that are divided into two main 
disk galaxy categories, which are a Milky Way-like massive galaxy and a dwarf galaxy with lower 
mass. These two main models are then inspected with different initial parameters in four 
separate cases. 
The final chapter gathers the results from chapter 5 and based on them the conclusions of the 
effectiveness of supernova feedback in different mass galaxies are drawn. The results of this 
thesis are also compared to the results presented in Efstathiou (2000).   
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2.  Theory of Disk Galaxies 
2.1.  Disk Galaxy 
In this thesis disk galaxies are used as a standard galaxy model even though they are more 
complex, from a physical standpoint, than elliptical galaxies. Currently it is believed that elliptical 
galaxies are formed as a result of multiple major and minor mergers of galaxies. In elliptical 
galaxies there is only little ongoing star formation. The smallest irregular galaxies, on the other 
hand, are not massive enough to have a regular structure. Irregulars still have ongoing star 
formation in them, but their physics are more complex due to the lack of a regular structure to 
satisfy general conditions in the one dimensional model presented in this thesis. Also the 
feedback effects inside smaller galaxies are much more drastic than in larger galaxies since their 
escape velocities are much smaller, but supernova explosions are similar concerning their energy 
output. (MBW 2010) 
In this section a disk galaxy model is introduced. The model will explain fundamental 
observational results such as disk brightness and its comparison to other properties, such as 
rotation curves and metallicity.  
Following Hubble’s modified sequence, disk galaxies can be set into three different categories 
based on their appearance. S0 galaxies are exceptional from the other classes, except ellipticals, 
since they do not have a spiral structure. Galaxies from Sa-Sc have spiral arms and the spiral 
structure becomes more open the further we go along the classification. Also the central bulge 
becomes smaller when moving from Sa towards Sc. The other branch from SBa to SBc have 
otherwise the same classification properties, but they also have, in addition, a central bar as can 
be seen in Figure 2.  
Disk brightness does correlate with multiple other features. In general, disk galaxies are younger 
and smaller than elliptical galaxies of the same luminosity. On the other hand, increasing surface 
brightness usually also means that disks are larger and redder compared to other disk galaxies 
with smaller surface brightness. There are two main reasons for this. Younger disk galaxies still 
have higher star formation rates, so younger and bluer stars make the whole disk look that way. 
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Also some disks might have a larger inclination than others that makes them appear redder due 
to extinction inside the disk where also the dust is located. This is because there is more dust in 
between the light source and the observer, which absorbs and scatters shorter wavelengths and 
lets longer wavelengths through. 
 
2.2.  Observational facts 
The surface brightness also gives information about other disk galaxy properties that have been 
proved to correlate with observations. Firstly, brighter galaxies are generally larger, but also 
redder as shown in the figure 3. In relation to elliptical galaxies, disk galaxies are much bluer since 
stars are younger and there is still star formation going on. However, the color is redder for larger 
disk galaxies than for smaller ones. This means that a color index B-V is larger and the light 
observed is redder for larger galaxies. 
The second observable relation is that in brighter galaxies there is less gas. In early-type spirals 
(early galaxies meaning the galaxies more left and late galaxies more on the right in the diagram 
in Figure 2) the gas fraction can be as low as 5%. On the other hand, in the late type spirals gas 
fraction can be even as high as 80% (McGaugh 1997). Also the gas in disk galaxies is usually in 
Figure 2: The original morphology of galaxies known as Hubble’s sequence. The modified version has been extended to include 
also Sd classes which are almost without a bulge and the Magellanic Sm systems. (Figure:  Abraham 1998) 
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neutral form (HI) or in molecular form (𝐻2), which is not the case in ellipticals where the gas is 
usually in a hot ionized form. 
Thirdly, the metallicity is observed to decrease with radius. All other elements are referred to as 
metals other than hydrogen and helium, which were created in the very early Universe after the 
Big Bang. As a general rule the metallicity drops as a factor of 100 for every magnitude of surface 
brightness. (Sparke 2007, Houjun et. al. 2010) 
Lastly, brighter galaxies also have higher central surface brightnesses. Disk galaxies brightness 
can be divided into two parts. The central bulge can be treated like a small elliptical galaxy inside 
a disk structure and for this reason a Sérsic profile is used for central brightness. Disk brightness, 
on the other hand, is fitted using an exponential brightness profile as introduced in the next 
chapter. The Sérsic index for the central bulges of early type spirals is roughly ~4 , whereas for 
the bulges in late type spirals is better described with the exponential index 𝑛 = 1.  
 
 
 
Figure 3: The early type galaxies are generally redder and brighter than late type galaxies. (Figure: Sparke 2007) 
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Figure 4: Fainter galaxies have more HI gas and their disks have lower central surface brightness 𝐼𝐾(0). Open circles show low 
surface-brightness galaxies with 𝐼𝑘(0) > 19.5 − 𝑀. (Figure: Sparke 2007) 
 
2.3.  Brightness Profiles 
The surface brightness profile of disk galaxies can be fitted by an exponential empirical profile. 
Only at small radii does the brightness not follow this profile. Instead the central bulge profile 
follows a Sérsic profile, which is usually used for elliptical galaxies. Another small radii variable is 
bars inside barred spirals, which cannot be fitted with an exponential profile. 
For the bulge, the Sérsic profile is defined as 
𝐼 = 𝐼0 𝑒
−𝐵𝑛[(
𝑟
𝑅𝑒
)
1
𝑛−1]
 (2.1) 
Where 𝐼0  is brightness at the central radius 𝑟(0), 𝐵𝑛  is a constant that is chosen so that the 
effective radius 𝑅𝑒  includes half of the light in the image. Lastly n is the Sérsic index, which 
describes how concentrated the brightness is and how it affects the steepness of the profile. 
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The exponential profile for the disk can be described by 
𝐼 = 𝐼0 𝑒
−
𝑟
𝑅𝑒 ,  (2.2) 
where 𝐼0 is the central brightness defined as 𝐼0 = 𝐿/(2𝜋ℎ
2), 𝑟 distance from the centre and ℎ 
the scale length of the disk. In disk galaxies this is averaged over the smaller features like spiral 
arms and the exponential profile is a good approximation for a disk surface brightness profile. 
 
2.4.  Tully-Fisher Relation 
On a general level, disk galaxies follow relatively well the so called Tully-Fisher Relation, which is 
based on observations and approximates a relation between Luminosity 𝐿 and the maximum 
rotation velocity 𝑉𝑚𝑎𝑥. This relation can be expressed in the form 𝐿 = 𝐴𝑉𝑚𝑎𝑥
𝛼 . In this equation A 
is the zero-point and α is the slope. Values that are based on observations for α are 2.5 ≤  𝛼 ≤ 4 
for baryonic matter. 
The baryonic mass distribution is expected to follow the same exponential profile as the 
brightness. The total disk mass can now be integrated using the exponential brightness profile 
from the previous section. 
𝑀 = ∫ 2 𝜋 𝑟 𝐼0𝑒
−
𝑟
ℎ 𝑑𝑟 = 
∞
0
2 𝜋 𝐼0 ℎ
2 ∫ 𝑥 𝑒−𝑥 𝑑𝑥 =  2 𝜋 𝐼0 ℎ
2∞
0
.     (2.3) 
By making this assumption, most of the mass is within the distance 𝑟~ℎ. If the gravitational 
acceleration and centripetal acceleration are equated the maximum velocity 𝑉𝑚𝑎𝑥 can be solved. 
𝑉𝑚𝑎𝑥
2
ℎ
 ≈
2𝜋𝐺𝐼0ℎ
2
ℎ2
 (2.4) 
𝑉𝑚𝑎𝑥 ∝ (𝐼0ℎ)
½ (2.5) 
From this result it can be clearly seen how 𝑉𝑚𝑎𝑥 is proportional to mass when the scale length h 
is eliminated from the equation. Therefore the relation between mass and maximum velocity is 
𝑀 ∝ 𝑉𝑚𝑎𝑥
4  and when remembering the approximation of having constant mass-to-luminosity 
value we get 𝐿 ∝  𝑉𝑚𝑎𝑥
4  , which is in agreement with the Tully-Fisher relation. The exponent is 
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only approximately ~4 , since the M/L relation is not necessarily constant and light can be 
measured at different wavelengths. 
2.5.  Rotation Curves of Disk Galaxies 
Disk galaxy kinematics are defined by their rotation curves and the circular motion of matter 
inside the galaxy. For a disk-like flattened galaxy an equation of radial-force can be used to 
estimate a mass within a certain radius 𝑀(< 𝑟). 
𝑉𝑟𝑜𝑡
2 (𝑟)
𝑟
=
𝐺𝑀(<𝑟)
𝑟2
 (2.6) 
Random speeds for stars and gas are small for disk galaxies. For HI gas random speed can be as 
low as 8-10 km/s and for stars it can be even lower (Sparke 2007). It can be assumed that gas and 
stars inside disk galaxies are almost on circular orbits having rotational velocity 𝑉𝑟𝑜𝑡. This is based 
on the observations of radial velocity 𝑉𝑟𝑎𝑑  , which is the motion toward or away from us in 
relation to the galaxy’s centre.   
The observer is usually not aligned with the plane of the object galaxy. The observer’s inclination 
𝑖  and azimuth φ of the observable must be taken into account as shown in the Figure 5. 
Therefore, radial velocity can be estimated by using the equation 
Figure 5: The observer’s inclination and azimuth of the observable must be taken into account.  (Figure: Sparke 2007) 
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𝑉𝑟𝑎𝑑(𝑟, 𝑖) = 𝑉𝑠𝑦𝑠 + 𝑉(𝑟) sin 𝑖 cosϕ ,  (2.7) 
where 𝑉𝑠𝑦𝑠 is the systemic velocity meaning galaxy’s velocity with respect of the observer, 𝑟 is 
the distance from the centre of the galaxy. However, these values are always approximations. 
Radius 𝑟 is limited by the resolution and the inclination is always an estimation. Inclination can 
also change as a function of radius since disks may be warped in some cases. 
The typical rotation profile shows that the curve rises very rapidly near the centre, but then stays 
almost flat through the entire disk. This should not be the case if the galaxy was formed only from 
baryonic matter. For a rotation curve to be shaped like this, there needs to be much more mass 
than can be observed. An explanation for this is a dark matter halo surrounding the galaxy. When 
we solve the mass in the equation 2.6 we get 
𝑀(< 𝑟) =  
𝑉𝑟𝑜𝑡
2 (𝑟)𝑟
𝐺
  (2.8) 
Kepler’s third law of planetary motion sets a relation between the orbital period and the 
semimajor axis, which on a circular orbit equals a distance from the centre 𝑟. 𝑃2 =
4𝜋2
𝐺𝑀
𝑟3 when 
the orbital period 𝑃 is expressed differently we get a relation 𝑃 =
2𝜋𝑟
𝑉𝑟𝑜𝑡
∝ 𝑟3/2, which can also 
Figure 6: Disk galaxies have very flat rotation curves.  (Figure: Sparke 2007) 
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be written as 𝑉𝑟𝑜𝑡  ∝ 𝑟
−1/2. The rotational curve for a disk galaxy is flat, if 𝑉𝑟𝑜𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 and 
therefore 𝑀(< 𝑟) ∝ 𝑟. This means that mass must increase linearly from the centre within radius 
𝑟 even though the light decreases exponentially within the disk.  
 This flat rotational curve profile is a clear indication that there is an invisible component missing 
from the observations that clearly affects the rotational velocities. When a halo of dark matter is 
added to a galaxy, the observations become consistent with theory as can be seen in the Figure 
3. Dark matter is less concentrated around the galaxy and most of its mass is outside the radius 
of the visible galaxy. However, the mass does have a gravitational influence on its surroundings 
and therefore also affects the rotational velocity of baryonic matter orbiting the galaxy. 
2.6.  Disk Formation Processes 
Galaxy formation starts inside a dark matter halo when gas starts to cool down. There are several 
different methods of cooling. However, initially there are very little, or no metals at all available 
to speed up the cooling. The standard picture of galaxy formation starts with primordial 
conditions when gas consisted mostly of only Hydrogen and Helium. 
The system must be in virial equilibrium to exist over cosmic timescales. However, during the 
formation process the system collapses and therefore is not in virial equilibrium. Also the virial 
temperature of a galaxy determines if star formation is possible and what cooling mechanisms 
are effective in those circumstances. The virial temperature can be derived from the virial 
theorem, which states  
1
2
𝑑2𝐼
𝑑𝑡2
= 2𝑇 + 𝑈 +  Σ,    (2.9) 
Where 𝐼 is the momentum of inertia, 𝑇 kinetic energy, 𝑈 gravitational potential energy and Σ is 
the work done by surface pressure. For a static system, meaning that the system is not expanding 
or collapsing, the second derivative of the momentum of inertia is zero. The virial temperature 
can be derived from the virial theorem. For simplicity let us assume that the system is static and 
the momentum of inertia is a scalar. Also gas is assumed to be monatomic and the temperature 
stays constant. Now 𝛾 =
5
3
. When the virial theorem is presented for gas with the approximations 
mentioned above, it gets the form 
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2 ×
3𝑀𝑔𝑎𝑠𝑘𝐵𝑇
2𝜇𝑚𝑝
− 
3𝐺𝑀𝑔𝑎𝑠𝑀
5𝑟𝑐𝑙
− 4𝜋𝑟𝑐𝑙
3𝑃𝑒𝑥𝑡 = 0 ,  (2.10) 
where 𝑟𝑐𝑙 is the radius of the gas cloud, 𝑀 is the total mass and 𝑀𝑔𝑎𝑠 the gas mass within radius 
𝑟𝑐𝑙 and 𝑃𝑒𝑥𝑡 is the external pressure. If the external pressure is zero, 𝑃𝑒𝑥𝑡 = 0, the system is in 
virial equilibrium and therefore the temperature, which is now the virial temperature 𝑇𝑣𝑖𝑟 can be 
solved from the equation. 
𝑇𝑣𝑖𝑟 = 
𝜇𝑚𝑝𝐺𝑀
5𝑘𝐵𝑟𝑐𝑙
= 
𝜇𝑚𝑝
5𝑘𝐵
𝑣𝑐
2,  (2.11) 
where 𝑣𝑐  is the circular velocity at 𝑟𝑐𝑙, or the virial velocity. Also the Jeans mass of the gas can be 
estimated from the previous approximations that the external pressure is zero and that gas is 
isothermal and has a uniform density.  
𝑀𝐽 = (
3
4𝜋𝜌𝑔𝑎𝑠
)
½
(
5𝑓𝑔𝑎𝑠𝑘𝐵𝑇
𝜇𝑚𝑝𝑟𝑐𝑙
)
3
2
, 𝑤ℎ𝑒𝑟𝑒 𝑓𝑔𝑎𝑠 = 
𝑀𝑔𝑎𝑠
𝑀
 (2.12) 
In this case, if the gas mass 𝑀𝑔𝑎𝑠 is larger than the Jeans mass 𝑀𝐽, then the factor 
𝑑2𝐼
𝑑𝑡2
< 0 and 
contraction happens. On the other hand, if 𝑀𝑔𝑎𝑠 < 𝑀𝐽 , then 
𝑑2𝐼
𝑑𝑡2
> 0  and the system is 
expanding. Lastly, as the 𝑟𝑐𝑙  decreases the contraction becomes faster and turns into a 
catastrophic collapse if there are no feedback effects to slow down the collapse.  
Primordial cooling happens radiatively and the process depends on the mass of a dark matter 
halo and therefore the virial temperature. In massive haloes the virial temperature can be 𝑇𝑣𝑖𝑟 ≥
107𝐾. In these haloes gas is fully ionized and cooling happens through bremsstrahlung emission 
from free electrons. In smaller haloes where the virial temperature is in the range 104𝐾 <
𝑇𝑣𝑖𝑟 < 10
6𝐾 free electrons can recombine with ions or excite atoms, which eventually return to 
a ground state. The cooling efficiency is greatly dependent on the metallicity since the excitation 
energy of the atom’s level is greatly dependent on the chemical composition. Lastly, there are 
haloes with virial temperatures 𝑇𝑣𝑖𝑟 < 10
4𝐾. In these haloes the gas is almost completely in 
neutral state. This slows down the cooling heavily since most of the gas is already cooled down 
and there are no excited transitions occurring. Metals have lower excitation levels for the first 
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electrons than hydrogen does. For example, hydrogen requires energy of 13.6 eV for it to ionize, 
but Calsium II only requires approximately 5 eV. Therefore, if the metallicity is high, the cooling 
may continue through particle collisions. All these cooling mechanisms involve two particles. 
The cooling time 𝑡𝑐𝑜𝑜𝑙 for hot gas through Bremsstrahlung emission can be calculated when the 
thermal energy density 𝜖 and the total energy loss rate −(
𝑑𝐸
𝑑𝑡
) are known. The total energy loss 
rate in units 𝑊𝑚−3  is expressed as 
−(
𝑑𝐸
𝑑𝑡
) = 1.435 ×  10−40𝑍2𝑇½?̅?𝑁𝑁𝑒,  (2.13) 
where 𝑍 is the charge of ions, 𝑁 and 𝑁𝑒 are number densities of ions and electrons, ?̅? is a mean 
Gaunt factor with value 1. The gas is assumed to be once ionized hydrogen and therefore 𝑍 =
1 and 𝑁 = 𝑁𝑒. The thermal energy density for fully ionized plasma is 𝜖 =
3
2
𝑁𝑘𝑇, and the 
cooling time   
𝑡𝑐𝑜𝑜𝑙 =
3𝑁𝑘𝑇
2
𝑑𝐸
𝑑𝑡
= 1010
𝑇½
𝑁
 𝑦𝑒𝑎𝑟𝑠.  (2.14) 
Temperature is in Kelvins and number density in particles/𝑚3.  (Longair 2008) 
For example cooling time for gas of electron density from 103 − 104 𝑚−3  and temperature 
approximately 𝑇 ~ 107 − 108𝐾 is under 𝑡𝑐𝑜𝑜𝑙 ~ 10
10 years. At higher temperatures the cooling 
mechanism is brehmsstrahlung, but at lower temperatures other cooling mechanisms apply. 
Different mechanisms are presented in chapter 3.3. In comparison to higher temperatures, HII 
regions have much shorter cooling times. With roughly the same electron densities, but lower 
temperatures (𝑇 ~103 𝐾) the cooling time is 𝑡𝑐𝑜𝑜𝑙~ 10
8 𝑦𝑒𝑎𝑟𝑠. 
When gas starts to cool down also the pressure decreases and the system starts to collapse. The 
gas inside a dark matter halo is roughly a spherical structure before it starts to cool down and 
contract. During the cooling baryons conserve their angular momentum. The system is rotating 
and particles on the poles are losing their inertia falling towards the centre flattening the 
structure inside the halo. However, the disk structure is supported by its rotation. The rotation is 
described with a spin parameter 
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𝜆 =  
𝐽|𝐸|½
𝐺𝑀5/2
 ,   (2.15) 
where M is the mass, J angular momentum and E the total energy of the system. For an 
exponential disk the angular momentum is 
𝐽𝑑 = 2𝜋 ∫ 𝑉𝑐(𝑅)Σ
∞
0
(𝑅)𝑅2𝑑𝑅 ≈ 1.11𝐺½𝑀𝑑
3/2
 𝑅𝑑
1/2
  (2.16) 
As a simple model for a thin exponential disk without a dark matter halo the rotation curve can 
be expressed 
𝑣2(𝑅) =  −4𝜋𝐺Σ0𝑅𝑑𝑦
2|𝐼0(𝑦)𝐾0(𝑦) − 𝐼1(𝑦)𝐾1(𝑦)|, (2.17) 
𝑦 = 𝑅/(2𝑅𝑑),  (2.18) 
where 𝑅  is the cylindrical radius and 𝑅𝑑 the disk radius and 𝐾𝑛  and 𝐼𝑛  are modified Bessel 
functions. 
According to the virial theorem the total energy E = -K, where K is the total kinetic energy of the 
disk,  
𝐸 =  −𝐾 =  −2𝜋 ∫
𝑉𝑐
2
2
Σ(𝑅)𝑅𝑑𝑅 ≈  −0.147𝐺𝑀𝑑
2𝑅𝑑
−1∞
0
.  (2.19) 
When the equations of the angular momentum 𝐽𝑑 and the total disk energy 𝐸 are replaced into 
the spin parameter equation the final value for the spin parameter can be calculated. 
𝜆 ≈ 0.425. 
This result does only apply for an isolated exponential disk without dark matter (MBW 2010). 
Observations however, with dark matter, indicate that the value for spin parameter is smaller 
than this. Observational values are only of order 𝜆 ≈ 0.05.  
One of the major problems in galaxy formation theory is the star formation efficiency. More 
specifically the overcooling problem, which means that almost all gas should form into stars after 
the initial collapse starts and turns into catastrophic collapse as described above. If this would be 
true there should not be galaxies with ongoing star formation activity in the present Universe. 
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Therefore, mechanisms must exist that slow down the collapse and prevent it from changing into 
a runaway effect. 
During the process of galaxy formation there are a few significant processes that do affect the 
galaxy formation itself, but also star formation. Firstly, active galactic nuclei (AGN) is a phase in a 
galaxy’s evolution when a supermassive black hole in the centre of the galaxy is accreting matter 
near, or at the Eddington limit. At the Eddington limit the object is in its maximum luminosity 
where the radiation force acting outward and gravitational force acting inward balance each 
other. As a result the radiation from the accreting matter is very energetic and therefore black 
hole feedback may affect the star formation at least in the central areas of the galaxy. However, 
this is only a short period in the lifetime of a galaxy and does not explain the overcooling problem 
alone.  
On longer time scales the supernova feedback has much more significant effect than AGN. This 
is presented in more detail in chapter 3.   
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3.  Theory of Star Formation and SN Feedback 
3.1.  Interstellar Medium 
Gas in the interstellar medium can be divided into three main categories. In reality there are even 
more phases, but the following three are the most stable and therefore the most long lasting 
phases. These three phases are also important regarding star formation and have a vital role in 
whether or not stars can form in that environment. This is the so called three phase model of the 
interstellar medium. The three phases are cold, warm and hot phases and these three phases 
need to be in pressure equilibrium meaning 𝑃 ~ 𝑁𝑐𝑘𝑇𝑐 ~ 𝑁𝐻𝑘𝑇𝐻 ~ 𝑁𝑊𝑘𝑇𝑊. (McKee et. al. 2007) 
The first phase consists of cold gas. All stars are formed from cold molecular gas therefore making 
this phase the most important of the three phases regarding ongoing star formation in a certain 
region. The temperature of the cold phase is less than 𝑇 ≲ 102𝐾.  However, the molecular gas 
at the very low temperature end (𝑇 = 10 − 20𝐾) of the cold medium is not always included in 
cold gas, but instead separated into molecular gas medium. The filling factor is defined as the 
ratio of filled volume to total volume which in this case is for the hot gas. The filling factor of the 
cold phase is very low, 𝑓𝐶𝑁𝑀~0.02 − 0.04, since almost all gas is a in neutral or molecular state.  
The cold gas is also usually embedded inside an envelope consisting of hot gas. 
The second phase is called a warm phase, in which the temperature is approximately 𝑇~8000𝐾. 
The warm gas may appear in two different forms. It can be either warm ionized (WIM), or warm 
neutral (WNM) gas. There exist small differences between these two. The number density of 
WIM (𝑛𝑊𝐼𝑀 ≈ 0.25𝑐𝑚
−3) is smaller compared to WNM (𝑛𝑊𝑁𝑀 ≈ 0.37𝑐𝑚
−3). Also since part of 
the warm phase can be much more heavily ionized their filling factors are also different. For WIM 
gas the filling factor is approximately 𝑓𝑊𝐼𝑀~  0.2 − 0.5 and for WNM 𝑓𝑊𝑁𝑀~ 0.1 − 0.2 . (Field 
et. al. 1969, Scheffler 1988, Binney et. al. 1998) 
Finally, there is almost fully ionized hot interstellar medium (HIM). It is very hot 106 − 107 𝐾 and 
it has very low number density 𝑛𝐻𝐼𝑀 ≈  10
−2.5𝑐𝑚−3 . This also means that the filling factor is 
very high 𝑓𝐻𝐼𝑀~  0.7 − 0.8. HIM is typical inside supernova bubbles. Since stars can only form 
from cold gas, it is obvious that in the environment where HIM is the dominant phase, star 
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formation is very limited or non-existent. Therefore feedback from supernovae may drastically 
affect star formation by heating the gas around them. 
 
3.2.  Cooling Time 
The cooling time depends on multiple factors, as has been mentioned before in this thesis. The 
cooling time is also greatly dependent on metallicity and density. High density gas will cool faster 
than gas with lower density since 𝑡𝑐𝑜𝑜𝑙  ∝ 𝑛
−1  ∝  𝜌−1. In addition, higher metallicity will make 
the gas cool faster. Cooling is always a two-particle collision and there are more transitions in 
metals, because the excitation energy of the first electron is small compared to the first excitation 
level of hydrogen (13.6 eV). The cooling relates to density by cooling ∝ 𝜌2, but heating ∝ 𝜌.  Also, 
cooling is usually more effective at higher redshifts because of the inverse proportionality of 
𝑡𝑐𝑜𝑜𝑙 ∝  𝜌
−1 ∝ (1 + 𝑧)−3 and 𝑡𝑓𝑓 ∝ 𝜌
−½  ∝ (1 + 𝑧)−3/2 for a given temperature. 
The effect of cooling on star and structure formation can be estimated by comparing it to the 
Hubble time (𝑡𝐻 ∝ 𝐻(𝑧)
−1) and dynamical free-fall time (𝑡𝑓𝑓  ∝  𝜌
−½). The Hubble time is the 
inverse of the Hubble constant, which determines the expansion rate of the Universe. The most 
recent estimate for the Hubble constant is 67.8 (𝑘𝑚/𝑠)/𝑀𝑝𝑐 (Planck Collaboration 2013). The 
dynamical free-fall time is defined as 
𝑡𝑓𝑓 = √
3𝜋
32𝐺𝜌
= √
3𝜋𝑓𝑔𝑎𝑠
32𝐺𝑛𝜇𝑚𝑝
≈ 2.1 × 109 𝑓𝑔𝑎𝑠
½ 𝑛−3
−½ 𝑦𝑟  (3.1) 
There are three different possible situations when comparing these three cooling times. When 
𝑡𝑐𝑜𝑜𝑙 > 𝑡𝐻 the system is in hydrostatic equilibrium and cooling is not important since the cooling 
time is longer than the age of the Universe.  In the situation when 𝑡𝑓𝑓 < 𝑡𝑐𝑜𝑜𝑙 < 𝑡𝐻 the system is 
in quasi-hydrostatic equilibrium and the gas contracts slowly when it cools down. While the 
system evolves on the cooling timescale, it still has time to maintain and re-establish hydrostatic 
equilibrium. The final case is when the cooling is catastrophic and 𝑡𝑐𝑜𝑜𝑙 < 𝑡𝑓𝑓. In this situation 
the cooling time decreases throughout the collapse process because of the increasing density, 
and leads to runaway effect where the cooling process accelerates itself and the gas cannot 
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respond fast enough to the loss of pressure. What this means is that the gas will collapse to the 
centre on the free-fall time. (MBW 2010, Longair 2008) 
The cooling time is the time it takes the gas to radiate away its internal energy. For a given 
metallicity the cooling time is expressed 
𝑡𝑐𝑜𝑜𝑙 =
𝜌𝜖
𝐶
= 
𝜌𝜖
𝑛𝐻
2 Λ(𝑇)
 ,    (3.2) 
where 𝜖 is the internal energy per unit mass, 𝑛𝐻 is the number density of hydrogen atoms and 
Λ(T) is the cooling function for radiative cooling at a given metallicity (MBW 2010). In general, 
the cooling function is dependent on the temperature 𝑇  and metallicity 𝑍 , thus the cooling 
function is Λ(T, Z).   
 
Figure 7:  The cooling is usually most effective at higher redshifts. Also higher metallicity increases the effectiveness of the cooling 
so that gas at higher temperatures can cool as effectively as gas with lower metallicity at lower temperatures.(Figure: Houjun et. 
al. 2010) 
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When we investigate the cooling time for fully ionized ideal monatomic gas (𝛾 = 5/3) of a 
primordial composition, meaning gas without metals, the cooling time at temperature T can be 
expressed as 
𝑡𝑐𝑜𝑜𝑙 = 
3𝑛𝑘𝐵𝑇
2𝑛𝐻
2 Λ(𝑇)
 ≅ 3.3 × 109𝑦𝑟 (
𝑇
106𝐾
) (
𝑛
10−3𝑐𝑚−3
)
−1
(
Λ(𝑇)
10−23𝑒𝑟𝑔𝑠−1𝑐𝑚3  
)
−1
  (3.3) 
If we compare the cooling time and the free-fall time of a protogalaxy with the mass of 1011𝑀☉ 
forming at redshift 𝑧 = 3 that has 𝑛−3 ≈ 5.5 and Λ−23 ≈ 0.5 since we assume that the gas is 
primordial gas. With these values we can calculate by using equations 3.1 and 3.3 that 𝑡𝑐𝑜𝑜𝑙 ≈
 7.4 × 108𝑦𝑟  which is approximately two times the free-fall time 𝑡𝑓𝑓 ≈  3.5 × 10
8𝑦𝑟 . (MBW 
2010, Longair 2008) 
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3.3.  Cooling Processes 
All cooling processes, except Compton cooling, that matter in the galaxy formation, involve two 
interacting particles and are therefore two-body radiative processes. All these are radiative 
processes and they can be divided into five categories. These categories are free-free, free-
bound, bound-free, bound-bound emissions and Compton scattering. (Scheffler et. al. 1987, 
MBW 2010) 
Free-free emission is important at very high temperatures, 𝑇 ≥ 106 K, when the gas is in an 
ionized state. In ionized gas electrons can be accelerated or decelerated when they move in the 
force field of ions (Figure 8) and emit photons due to the acceleration they experience. This is the 
so called bremsstrahlung emission. For the hydrogen ion the process is 
𝑝 + 𝑒 → 𝑝′ + 𝑒′ + 𝛾.   (3.4) 
Free-bound emission can also be called recombination. In recombination a free electron is 
recombined again with the ion. In this process the electron’s kinetic energy and the binding 
energy are both radiated away. The energy that can be counted as cooling is the electron’s kinetic 
energy that is lost in the recombination process. Process for the hydrogen ion is 
𝑝 + 𝑒 → 𝐻 + 𝛾.  (3.5) 
Bound-free emission may occur as collisional ionization or as photoionization. Collisional 
ionization occurs when a free electron collides with an atom or an ion and then ionizes a bound 
electron removing it from the orbit. During the impact the kinetic energy is distributed between 
the original free electron and the ionized electron. This collision takes away the equal amount of 
kinetic energy that is required to ionize the bound electron, or in other words an amount of 
ionization threshold.  Collisional ionization process for the hydrogen atom is 
𝐻0 + 𝑒 → 𝑝 + 𝑒 + 𝑒.   (3.6) 
In photoionization an atom or an ion absorbs a photon exceeding the energy of ionization 
threshold. Similar to collisional ionization a bound electron is ionized as a result. Similar to 
equation 3.6 the photoionization process for a hydrogen atom is 
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𝐻0 + 𝛾 → 𝑝 + 𝑒.   (3.7) 
In bound-bound emission the bound electron is excited to a higher bound state. Eventually it 
decays back to the lower state of energy emitting a photon with an energy equal to the excitation 
energy. However, the bound electron stays bound throughout the process. The knock for the 
electron to get to excited state may come from an interaction with a photon that is absorbed, or 
from a collision with a free electron. 
 
Figure 8: All cooling processes require free electrons and have strong temperature dependency. 
Finally there is the Compton scattering. In this process free electrons or ions scatter photons. 
During this process energy exchange may occur between an electron and a photon and the 
emitted photon might have a slightly different frequency than the absorbed photon 
𝑒 +  𝛾 → 𝑒′ + 𝛾′ .   (3.8) 
However, the Compton scattering can increase or decrease the frequency of the scattered 
photon depending on the initial energies. If the high energy photon is interacting with an electron 
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of lower energy, the scattered photon will have a longer wavelength than the initial photon that 
was absorbed (Brehm et. al. 1989). On the other hand, if the situation is reversed and a photon 
with lower energy and a longer wavelength is interacting with a high energy electron, the 
scattered photon will have a shorter wavelength and thus higher energy. It is also called inverse 
Compton scattering, or the Sunyaev-Zel'dovich effect when the distortions of the cosmic 
microwave background are in question.  This latter situation is observed, for example, in the 
distant galaxy clusters where the hot gas, the temperature of which is about 108 K, emits lots of 
X-ray. This hot gas can scatter CMB photons and cause a spectral distortion when the CMB is 
observed in the direction of those galaxy clusters. The process for the Compton scattering is 
𝛾 + 𝑒 → 𝛾 + 𝑒 .   (3.9) 
In the process of Compton scattering the particles stay the same, but energy distribution 
between particles changes. 
3.4.  Supernovae 
At the end of chapter 2, two feedback processes relevant to galaxy formation were introduced. 
AGN are important, but not enough to explain the solution to the overcooling problem on the 
long term. Therefore another feedback mechanism is required that affects star formation 
efficiency in a way that we can still see stars forming in galaxies in the present z=0 Universe. 
Supernova feedback is driven by the ongoing star formation itself. When new stars are born there 
are also more massive stars, whose lifetimes may only be a few million or a few tens of millions 
of years that will eventually explode as supernovae. For comparison the lifetime of the Sun is 
~1010 years. However, there are also other kind of supernovae and in this section all supernova 
types are introduced.   
Supernovae are divided into two main categories, type I and type II supernovae. The main 
distinction between these two are that type I supernovae do not have hydrogen lines, which type 
II supernovae do have in their spectra. There are also observational differences between these 
two types. First of all, type II supernovae do not seem to happen in early type galaxies. On the 
other hand, type Ia supernovae are observed to occur in all galaxy types. Secondly, in spiral 
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galaxies type II supernovae are usually more concentrated into spiral arms, but type Ia do not 
show this kind of preference (Binney et. al. 1998, MBW 2010). 
Type I supernovae can be divided into three more narrowly described categories. Type Ia 
supernovae are a special group that involves a binary system. The progenitor star to a type Ia 
supernova is a white dwarf and the other one is usually a main sequence star. The white dwarf is 
accreting matter from the companion star and the gathering hydrogen envelope on the white 
dwarf increases the star’s mass. When the mass of the white dwarf exceeds the so called 
Chandrasekhar mass ~1.38 M☉, which is the limiting mass for a stable carbon-oxygen white 
dwarf, it will re-ignite or explode as a supernova that can be seen as a type Ia supernova. (Binney 
et. al. 1998) 
The other type I supernovae are in many ways more similar to type II supernovae. Type Ib and Ic 
are both so called core-collapse supernovae similar to all type II supernovae (Da Silva 1993). In a 
core-collapse supernova a high mass star goes through a core collapse when the nuclear fusion 
in the core is no longer able to sustain the core against its own gravity. Type Ia can be seen to 
differ from Ib and Ic by the ionized silicon (𝑆𝑖+) line the last two does not have (Binney et. al. 
1998, MBW 2010). Observations are indicating that Ib and Ic supernovae are a result of the death 
of the most massive stars, who have lost their hydrogen envelopes due to stellar winds or 
accretion to a companion star (Binney et. al. 1998, Da Silva 1993). 
Type II supernovae are also core-collapse supernovae. They are massive stars, with 𝑀 ≥ 8M☉, 
exploding at the end of their lifecycle. These stars have gone through multiple reorganizations. 
Their elements are organized into an onion-like structure inside the star so that the outermost 
envelope consists mainly of the lightest hydrogen, and heavier elements come after that starting 
from the surface. The core consists of iron, which is the heaviest element that can be produced 
in fusion reactions. When the mass of the iron core exceeds the Chandrasekhar limit it collapses 
under its own gravity resulting into a supernova explosion.  
The outermost layer of the exploding star consists of hydrogen, which is the reason why hydrogen 
can be seen in the spectra after the explosion. Hydrogen lines are also the distinction between 
different type II supernovae classes. Balmer absorption lines are usually the way how type II 
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supernovae are examined and their presence makes them stand out from type I supernovae. The 
first two classes are type II-L and II-P supernovae. The main difference between these two is that 
after the peak luminosity their light curves decay differently. Type II-L decays steadily after the 
peak luminosity. On the other hand, the luminosity of type II-P stops its decline shortly after the 
peak and stays flat for a while before starting to decline again similar to type II-L supernova. Two 
other type II supernovae are IIn and IIb. The first of these two does have narrow H emission lines. 
Observations indicate that these types of supernovae may be luminous blue variables that 
experience large mass losses before the explosion (Kiewe et. al. 2012).  
Lastly the type IIb supernovae have weak initial hydrogen lines in their spectrum, but later the 
emission lines weakens even more and eventually disappear completely. This might be a result 
of a giant star losing the hydrogen envelope to a companion star. Another explanation might be 
that the ejecting hydrogen layer is very thin and when the layer expands it becomes very 
transparent revealing the layers beneath. (Utrobin 1996)  
After establishing a general understanding of supernova classes it is clear that their progenitor 
stars may vary widely. This also implies that released energies between different supernovae may 
be very different, which is also the case. Supernovae have been observed to release a wide range 
of energies 1050 𝑒𝑟𝑔 − 1053 𝑒𝑟𝑔 . Type Ia supernova releases approximately only 1% of the 
energy released in a type II supernova, meaning on average ~ 1044J or ~1051 erg. However, the 
energy released in type Ia is distributed differently than in a core-collapse supernova. Most of 
the energy in a type Ia supernova is channeled to kinetic energy of the ejecting core, which is 
approximately of the same order as the mechanical energy of core-collapse supernovae. This also 
means that Type Ia supernovae are typically brighter than Type II supernovae. In core-collapse 
supernovae approximately 99% of the gravitational binding energy is released in form of 
neutrinos. As a conclusion, supernova frequency, not the type of supernova, is the most essential 
factor, because the energy every supernova supplies to supernova feedback is of the order of 
𝐸𝑆𝑁~10
44 J. (Binney et. al. 1998) 
A final thought regarding Type Ia supernovae. Because Type Ia supernovae are a product of old 
white dwarfs exploding, they have important, but not as significant a role as Type II supernovae 
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regarding supernova feedback in galaxy formation theories. Even though they emit as much 
energy as other supernova types, they are not found near young star forming regions, but can be 
found anywhere in the galaxy, as we saw earlier.  More about how different supernova types 
affect the chemical evolution of the galaxy is presented in the Section 3.9 of this thesis. 
3.5.  Star Formation 
Stars can only form from molecular hydrogen and most of the molecular gas in galaxies is 
distributed into giant molecular clouds (GMC). Therefore, star formation within galaxies occurs 
in GMCs. Their masses are ~105 − 106𝑀☉ and their dimensions reach over tens of parsecs and 
densities of 𝑛𝐻2~ 100 − 500 𝑐𝑚
−3, 𝑜𝑟 𝜌 ~ 10−21𝑔𝑐𝑚−3 .  The GMC structure is very clumpy. 
Clumpiness is not uniform, instead there are clumps of different sizes. Larger clump sizes can be 
of 1-10pc with masses of ~ 102 − 104𝑀☉ and high densities 𝑛𝐻2~ 10
2 − 104 𝑐𝑚−3. Only the 
most massive clumps have been found to form stars. On the other hand, single stars may form 
inside smaller and even more dense cores, the masses of which are in the range ~ 0.1 − 10𝑀☉ 
and densities 𝑛𝐻2 > 10
5 𝑐𝑚−3.  (MBW 2010) 
 
Figure 9: GMC structure is not uniform. Instead, inside GMC there are large clumps of order 1-10 pc and densities 𝑛𝐻2~ 10
2 −
104 𝑐𝑚−3. The stars are formed in protostellar cores inside the large clumps with densities of 𝑛𝐻2 > 10
5 𝑐𝑚−3. 
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Even though densities inside GMC vary so much, the temperature does not change between 
GMC, clumps and cores. Unless the gas is heated by UV radiation from massive stars, the 
temperature is ~10 K throughout different parts of the GMC. As a comparison, stellar densities 
are 𝜌 ~ 1 𝑔𝑐𝑚−3. What this means is that both the density and the temperature must increase 
significantly inside a GMC for stars to form. 
GMCs have much shorter lifetimes compared to the age of galaxies. GMC lifetime is typically only 
~ 107 𝑦𝑟. GMCs on the other hand, are correlated with young stellar clusters and therefore with 
young massive stars, the ages of which are ≤ 107 𝑦𝑟 (Leisawitz et al., 1989, Ballesteros-Paredes 
et al. 1999, Fukui et al. 1999).  The GMC starts to collapse when it exceeds the thermal Jeans 
mass 
𝑀𝐽 =
𝜋
5
2
6
𝑐𝑠
3
(𝐺3𝜌)½
 ≅ 40𝑀☉  (
𝑐𝑠
0.2𝑘𝑚𝑠−1
)
3
(
𝑛𝐻
2
100𝑐𝑚−3
)
−½
 ,  (3.10) 
where the GMC is assumed to be a self-gravitating, homogenous and isothermal gas sphere, 
meaning that the kinetic energy is 
𝐸𝑘 =
3
2
𝑚𝑐𝑠
2.  (3.11) 
The potential energy for a spherical system is then 
𝐸𝑝𝑜𝑡 = −
3
5
𝐺𝑚2𝑟𝑐𝑙.  (3.12) 
Changes in the gas properties, for example increased density or increased sound speed 𝑐𝑠, also 
affects the Jeans mass by increasing it. Increasing Jeans mass also means that the GMC fragments 
into smaller clumps. GMCs and clumps inside them both have masses that exceed the thermal 
Jeans mass. There are no additional supportive forces, so GMCs and clumps should collapse on a 
free-fall time  
𝜏𝑓𝑓 = (
3𝜋
32𝐺𝜌
)
½
≅ 3.6 × 106𝑦𝑟 (
𝑛𝐻2
100𝑐𝑚−3
)
−½
.  (3.13) 
This is much shorter a time than the lifetime of GMC, 𝜏𝐺𝑀𝐶  ~ 10
7 𝑦𝑟, or the lifetime of a starburst 
galaxy 𝜏𝑆𝐹,𝑆𝑡𝑎𝑟𝑏𝑢𝑟𝑠𝑡~10
7 − 108𝑦𝑟 . Moreover, the free-fall time is much shorter than star 
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formation time for the entire disk type galaxy 𝜏𝐺𝑎𝑙𝑆𝐹 ≅ (1 − 5) × 10
9 𝑦𝑟 (Kennicutt 1998), which 
is several magnitudes longer. In general, the timescale for star formation can be defined as 
𝜏𝑆𝐹 =
𝑀𝑔𝑎𝑠
𝑀∗ ̇
 (3.14) 
Another, physically more complex  mass is called the Bonnor-Ebert mass, which assumes a 
spherical isothermal cloud, but takes into account pressure equilibrium with an external pressure 
(Bonnor 1956, Ebert 1957). The Bonnor-Ebert mass is expressed 
𝑀𝐵𝐸 = 1.182
𝑐𝑠
3
(𝐺3𝜌)½
 .   (3.15) 
Even though this is also a simplified case, it will describe both GMC features and the substructure 
better than the Jeans mass. Especially protostellar cores might be supported against gravitational 
collapse by thermal pressure since their masses are in the same magnitude with the Bonnor-
Ebert mass. Unlike core masses, GMC and clump masses are many orders of magnitude larger 
than 𝑀𝐵𝐸 or thermal the Jeans mass.  
Since the free-fall time of GMCs is much shorter, there must be a mechanism that prevents the 
collapse of the GMC from happening more quickly. Also based on observations there are not 
many GMCs that do not have ongoing star formation inside them.  
Star formation efficiency for a GMC is defined as 
𝜀𝑆𝐹 =
𝑡𝑓𝑓
𝑡𝑆𝐹
=
𝑡𝑓𝑓 𝑆𝐹𝑅
𝑚𝐺𝑀𝐶
 .   (3.16) 
Based on observations, the star formation efficiency is 𝜀𝑆𝐹~0.002, which is very low and means 
that most of the gas in GMC does not end up in stars (Hunter et. al. 1992, MBW 2010).   
There are three major physical factors that cause the pressure support against the gravitational 
collapse of GMCs and slows down star formation. They are magnetic fields, turbulence and self-
regulated star formation. 
The most important non-thermal pressure source in the GMC is the magnetic field. If the 
magnetic mass 𝑀𝜙 < 𝑀 the cloud is magnetically super-critical and the magnetic field cannot 
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stop the gravitational collapse. Vice versa, if  𝑀𝜙 > 𝑀, the cloud is sub-critical and forces from 
the magnetic field prevent the collapse. If the magnetic field is assumed uniform throughout the 
cloud the magnetic mass can be expressed 
𝑀𝜙  =
5
3
2 𝐵3
48𝜋2𝐺
3
2𝜌2
 ≅ 1.6 × 105𝑀☉ (
𝑛𝐻2
100𝑐𝑚−3
)
−2
(
𝐵
30𝜇𝐺
)
3
.  (3.17) 
Magnetic field needs to be of order 𝐵 ~ 10 − 100 𝜇𝐺 for the GMC to be stable. 
The turbulence has an effect in all scales of the galactic structure from the entire galaxy to 
massive clumps in GMCs (Houjun et. al. 2010). As was seen earlier, the gas temperature in GMCs 
is 𝑇 ~10𝐾, which corresponds to velocity 0.2
𝑘𝑚
𝑠
. Turbulent motions are of order 𝜎𝑣 > 6
𝑘𝑚
𝑠
. This 
means that turbulence in GMCs is supersonic. If turbulence is taken into account, the sound 
speed in Jeans mass in the equation 3.10 can be written as 
𝑐𝑠,𝑒𝑓𝑓 = √𝑐𝑠2 +
1
3
〈𝑣2〉 =  √𝑐𝑠2 + 𝜎𝑣2.  (3.18) 
Turbulence can either delay or stop the cloud collapse or speed up the collapse process by 
increasing the density. When 𝜎𝑣 ≫ 𝑐𝑠 the turbulence increases the effective pressure and works 
a counterforce against collapse on large scales. On small scales on the other hand, when           
𝜎𝑣 ≪ 𝑐𝑠, the turbulence increases the density and speeds up the collapse process.  
The turbulence changes the Jeans mass by affecting the gas density and the effective sound speed 
in the gas. In the compressed areas the Jeans mass follows the relation 
𝑀𝐽 ∝
(𝑐𝑠
2+𝜎𝑣
2)
3
2
𝑀𝑎𝑐ℎ2𝜌½
  (3.19) 
where Mach is the mach number that is a dimensionless parameter and tells the relation 
between the flow speed and speed of sound in that medium. The mach number is defined  
𝑀𝑎𝑐ℎ =
𝑢
𝑐𝑠
,   (3.20) 
where 𝑢 is the local flow velocity and 𝑐𝑠 is the sound speed. 
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There are several processes that drive the turbulence at small and large scales. The first group 
are processes that affect the formation of GMCs. They are also external processes and therefore  
outside GMCs. The galaxy formation mechanisms themselves, for example galaxy mergers, tidal 
forces and cold gas, flow inside the dark matter halo (Kravtsov 2003). Other smaller scale external 
processes include feedback from supernova explosions outside GMC, gravitational, thermal and 
magnetodynamical instabilities and spiral density waves in disk galaxies. 
Internal processes are the second group, which have an influence after a GMC is formed. The 
internal energy comes from processes like proto-stellar outflows, stellar winds and ionizing 
radiation from recently born stars (Mac Low et. al. 2004, McKee et. al. 2007).  
The final factor from the mechanisms mentioned above is the star formation itself that can also 
be called self-regulated star formation. Feedback from protostellar winds in particular is believed 
to affect the SFE of protostellar cores. Also the entire GMC is believed to be destroyed by energy 
feedback from massive OB stars that form inside them. Several mechanisms are suggested that 
deliver the feedback. Massive stars radiate at UV wavelengths that ionize and heat the 
surrounding gas. This leads to the formation and expansion of HII regions. Other mechanisms are 
stellar winds and also supernova explosions occurring inside GMCs. (MBW 2010) 
Especially the formation of HII regions slows down star formation, since stars can only form from 
molecular hydrogen. HII regions need to cool down so that the gas can again transform into 
molecular form. The threshold where neutral hydrogen HI is dense enough to have self-shielding 
against outside radiation and form molecular hydrogen inside the cloud is 𝑁𝐻𝐼 ≅ 10
21𝑐𝑚−2 
(Skillman 1996).   
Self-regulated star formation can also cause positive feedback regarding star formation via the 
same mechanisms as introduced above. These mechanism may lead to shock waves that 
compress nearby gas and this way cause induced star formation. (Elmegreen 2002) 
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3.6.  Empirical Laws of Star Formation   
Star formation theories are very complex and usually have too many unknown variables so that 
they could be easily applied. Therefore empirical laws are preferred, which combines 
observations of the star formation rate and properties of the environment where the stars are 
born, for example gas density, temperature, metallicity and so on. 
An often used empirical star formation law is the Kennicutt-Schmidt law which is a relation 
between the gas density and star formation rate in the observed region. This law inspects all the 
gas that is in molecular or in atomic form, or a sum of both. Originally this relation was inspected 
by Schmidt (1959) that suggested a power law relation for the star formation rate Σ𝑆𝐹𝑅 and the 
atomic gas density Σ𝑔𝑎𝑠 in a disk galaxy to be 
Σ𝑆𝐹𝑅 ∝ Σ𝑔𝑎𝑠
𝑛 .   (3.21) 
Schmidt observed that with the exponent value 𝑛 = 2  would match observations. Kennicutt 
(1998) extended this to include also molecular gas and starburst galaxies and gave more accurate 
version of this law 
Σ𝑆𝐹𝑅 = (2.5 ± 0.7) × 10
−4 (
Σ𝑔𝑎𝑠
𝑀☉𝑝𝑐
)
1.4±0.15
𝑀☉𝑦𝑟
−1𝑘𝑝𝑐−2  (3.22) 
This law is typically interpreted to show that the gas collapses under its own gravity. This means 
that SFR is proportional to the gas mass divided by the timescale 𝜏𝑓𝑓 of the gravitational collapse. 
The free-fall time for a gas with mean density ?̅? the relation is 𝜏𝑓𝑓 ∝ √?̅?, which gives for SFR  
Σ𝑆𝐹𝑅 =
𝜀𝑆𝐹𝜌𝑔𝑎𝑠
𝜏𝑓𝑓
∝ 𝜌𝑔𝑎𝑠
1.5 ,   (3.23) 
where 𝜀𝑆𝐹 is the ratio of the free-fall time of the gas divided by the gas consumption time. Figure 
10 left hand panel shows data from the Kennicutt (1998) research and how the equation 3.22 
works with the observations. 
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Figure 10: In the left panel a star-formation rate is shown as a function of total gas density. In the right panel a star formation 
density is shown as a function of total gas density divided by dynamical time 𝜏𝑑𝑦𝑛. Total gas density includes both atomic and 
molecular gas. Filled circles are observations from disk galaxies, squares are starburst galaxies and open circles are centres of 
normal disk galaxies. (Figure: Houjun 2010) 
As was seen earlier, the star formation efficiency in GMC is 𝜀𝑆𝐹 ~ 0.02 ≪ 1, which indicates that 
more physics is required to explain the SFR in addition to gravitational collapse. Moreover only a 
small fraction of the gas ends up in stars, so the real timescale for star formation is something 
else than the free-fall time 𝜏𝑓𝑓.  
Another correlation, which is shown on the right hand panel of Figure 10, is the SFR relation to 
gas density Σ𝑔𝑎𝑠/𝜏𝑑𝑦𝑛. In this relation the dynamical timescale 𝜏𝑑𝑦𝑛 is the orbital period of the 
star forming region at distance R that is the outer radius of the star forming region.  
𝜏𝑑𝑦𝑛 = 2𝜋𝑅/𝑣𝑟𝑜𝑡(𝑅).   (3.24) 
Therefore the relation is 
Σ𝑆𝐹𝑅 ≅ 0.017Σ𝑔𝑎𝑠Ω,   (3.25) 
where the circular frequency Ω =
𝑣𝑟𝑜𝑡(𝑅)
𝑅
. (Kennicutt 1998) 
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One last dynamical factor introduced in this thesis that affects star formation is how the 
centrifugal force of a differentially rotating gaseous disk affects star formation. This can be 
inspected by using so the called Toomre stability criterion Q (Toomre 1964).  
𝑄 =
𝑐𝑠𝜅
𝜋𝐺Σ
 ,     𝜅 =  √2 [
𝑣𝑐
2
𝑅2
 +
𝑣𝑐𝑑 𝑣𝑐
𝑅 𝑑𝑅
]
½
  (3.26) 
In this equation 𝜅 is the epicyclic frequency and Σ is the surface mass density of the disk. If this 
criterion is 𝑄 > 1, then the disk is stable against collapse.  (Toomre 1964) 
 
3.7.  Initial Mass Function 
One more factor that affects the stellar population in the galaxies is the initial mass function (IMF). 
The IMF describes the distribution of initial masses for stars within the observable volume. 
However, the IMF is an empirical function and the theory behind the IMF is supported only by the 
observations from the Milky Way and observations of the brightest stars in the nearest galaxies. 
These observation indicate that the IMF could be universal, but without better observations it will 
have great uncertainties (Hunter 1998, Elmegreen 2008). 
The IMF, 𝜉(𝑚)𝑑𝑚, is defined so that it describes the number of stars born in the range of            
𝑚 ± 𝑑𝑚. It is proportional so that 
𝜉(𝑚)𝑑𝑚 ∝ 𝑚−𝑏𝑑𝑚,     (3.27) 
where the exponent b is a dimensionless scalar value.  
The stellar mass limits for the IMF are restricted by the physics of stellar structure. A lower limit 
for a stellar mass is 𝑚𝑙𝑜𝑤 = 0.08𝑀☉, since objects with lower mass are not able to sustain fusion 
reactions. For the upper limit for mass is considered to be 𝑚𝑢𝑝 ≈ 100𝑀☉, which is the limit where 
stars become unstable against radiation pressure. (MBW 2010) 
The first approximation of the IMF is the relation discovered by Edwin Salpeter in 1955 that the 
exponent of 𝑏 = 2.35. This so the called Salpeter initial mass function is a good approximation 
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for most of stars. The mass range that the Salpeter IMF predicts well, is roughly 0.4𝑀☉  ≤ 𝑚 ≤
10𝑀☉ and it can be expressed as 
𝜉(𝑚)𝑑𝑚 = 𝜉0(
𝑚
𝑀☉
)−2.35  
𝑑𝑚
𝑀☉
 ,  (3.28) 
where the constant 𝜉0 sets the local stellar density (Salpeter 1955). However, more recent research 
extends the understanding of the IMF at the lower and upper mass ends of the mass spectrum. 
More precisely the shape of the function is flatter at the lower end and steeper at the high end. 
Research done by Miller and Scalo (1979) suggests a log-normal function for the IMF 
𝜉(𝑥) = 𝑎0 − 𝑎1𝑥 − 𝑎2𝑥
2,      (3.29) 
where 𝑥 = log (
𝑚
𝑀☉
) and (𝑎0, 𝑎1, 𝑎2) = (1.53, 0.96, 0.47). The values for 𝑎0−2 are all empirical 
fits. 
 
Figure 11: The red solid line shows the Salpeter initial mass function and the dotted curve the log-normal function of the IMF. 
Approximately at 0.5𝑀☉ they deviate from each other significantly. (Figure: Sparke et. al. 2007) 
The shape of the IMF has been investigated by a number of researchers. The current 
understanding of the shape of the IMF is a series of exponential laws that each work within 
certain stellar mass regime.  More recent research by Scalo (1986), Kroupa (2001) and Chabrier 
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(2005) show that the Salpeter IMF in the mass regime 𝑚 ≥ 1𝑀☉ is roughly similar to modern 
power law versions. However, for stars with masses 𝑚 ≤ 1𝑀☉ the new results differ from the 
Salpeter function significantly. 
The first of the broken power laws is by Scalo (1986).   
𝜉(𝑥) ∝  {
𝑚−2.45              (𝑚 >  10𝑀☉)
𝑚−3.25 (1𝑀☉ < 𝑚 < 10𝑀☉)
𝑚−2.45 (0.2𝑀☉ < 𝑚 < 1𝑀☉)
  (3.30) 
 
Figure 12: The IMF constructed by Scalo (1986) and it includes data from field stars in the solar neighborhood. The dashed line 
describes the Salpeter IMF while the other dots describe the broken power law by Scalo. The differences between models can be 
seen mostly at 𝑚~ 1𝑀☉  and at mass 𝑚 ~ 0.2𝑀☉  (Figure: Scalo 1986) 
Similar to Scalo, Kroupa and Chabrier power laws differ from the Salpeter IMF at the lower 
masses. The Kroupa (2002) model differs mostly for masses 𝑚 < 0.5𝑀☉  where it flattens 
significantly    
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𝜉(𝑥) ∝  
{
 
 
 
 𝑚
−2.7    (1.0𝑀☉ < 𝑚 < 100𝑀☉)
𝑚−2.3      (0.5𝑀☉ < 𝑚 < 1.0𝑀☉)
𝑚−1.3    (0.08𝑀☉ < 𝑚 < 0.5𝑀☉)
𝑚−0.3  (0.01𝑀☉ < 𝑚 < 0.08𝑀☉)
  (3.31) 
The Chabrier (2005) model is based on more extensive observations than other models. It 
compares observations from globular clusters, disk stars, bulge stars and young stars. The result 
was that all these different groups follow a similar IMF and the results for disk stars give 
𝜉(𝑥) ∝ {
𝑚−1.35                                      (𝑚 >  1𝑀☉)
𝑒𝑥𝑝 {−
[𝑙𝑜𝑔(
𝑚
0.2𝑀☉
)]2
0.6
}             (𝑚 < 1𝑀☉)
 (3.32) 
 
3.8.  SN Feedback Energies and Methods of Energy Distribution 
The energy distribution mechanisms of the supernova feedback can be divided into two main 
categories, which are thermal and kinetic models. The first mechanism presented in this section 
is ejection, which means that kinetic energy distributed to the surrounding gas may cause a large 
fraction of the total gas to get ejected from the galaxy. The second one is heating where the 
Supernova Feedback reheats the surrounding gas and this way slows down star formation. Finally 
a number of galactic wind processes are inspected. 
Supernova feedback may affect the surrounding gas by transferring kinetic energy to it and giving 
the gas enough velocity to escape the galaxy. On a timescale of ~1𝐺𝑦𝑟 as much as 60-80% of the  
gas can be expelled from dwarf galaxies with low circular speeds ~50𝑘𝑚𝑠−1 as can be seen in 
the simulations by Efstathiou (2000). Even in the galaxy like Milky Way the amount of expelled 
gas might be 20% or higher. This can be seen from the galaxy formation efficiency plot in Figure 
13 where the peak of the solid line corresponds to the amount of expelled gas in relation to halo 
mass. SN feedback can also reheat the gas in the ISM and prevent new star formation from 
happening. Both of these significant consequences does not need a spectacular feedback mode 
to happen, but are a result of steady low star formation rate that never exceeds ~0.1𝑀☉𝑦𝑟
−1. 
Though the exact rates are subject to simulation model used. In Figure 13 the lower mass end of 
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the solid line presents the area where the supernova feedback has more effect. The AGN has 
more significant role on more massive haloes, because of the more massive black holes are found 
at the centre of the more massive galaxies. (Efstathiou 2000) 
 
 
 
Figure 13: Galaxy formation efficiency as a function of halo mass. The black solid curve indicates the values required if a 
𝛬𝐶𝐷𝑀 universe is to fit the observed SDSS/DR7 stellar mass function. The x-axis is the halo mass and y-axis is the relation of 
galaxy star mass and total baryonic mass. Different colours correspond to simulations by different authors as noted. The 
simulations vary widely, but the great majority and most of the simulations lock too many baryons into stars to be viable 
models. (Figure: Guo et al. 2010) 
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The total energy available for supernova feedback is  
𝐸𝑆𝑁𝐹 = εSN𝜁𝑀𝑠𝑡𝑎𝑟𝐸𝑆𝑁.  (3.33) 
In this equation 𝜀𝑆𝑁 is the fraction of supernova energy available for feedback. The fraction is 
always 𝜀 ≤ 1 . The number of supernovae produced is IMF dependent, but typically a good 
approximation for supernovae produced per solar mass is 𝜁 = 0.01𝑀☉
−1. This means that for a 
standard IMF there is a one supernova per 100𝑀☉ of formed stellar mass. Although the quantity 
of supernovae is dependent on the quantity of massive stars and hence dependent on the IMF. 
The energy supplied by each supernova varies between 𝐸𝑆𝑁~10
50 − 1052𝑒𝑟𝑔 and is on average 
𝐸𝑆𝑁~10
51𝑒𝑟𝑔 as we saw in the chapter 3.4. However, this is energy and the actual kinetic energy 
may vary as can be seen in Table 1, where measurements of different observed supernovae are 
listed. 
 
Table 1: The average energy supplied by each supernova is 𝐸𝑆𝑁~10
51𝑒𝑟𝑔, but the actual kinetic energy 𝐸51 may vary. The mass 
ejection of each supernova is shown in units of 𝑀☉ and their corresponding energies in units of 10
51𝑒𝑟𝑔. (Figure: MWB 2010) 
For gas to be ejected from a galaxy, it needs first to have enough energy to achieve the escape 
velocity. The required energy to eject mass of 𝑚𝑒𝑗𝑒𝑐𝑡 is thus 
𝐸𝑒𝑗𝑒𝑐𝑡 = ½𝑚𝑒𝑗𝑒𝑐𝑡𝑣𝑒𝑠𝑐
2 .   (3.34) 
The relation of ejected gas mass to the total stellar mass can be solved by equating the total 
energy available for supernova feedback and the energy needed for a gas to eject galaxy. This 
results in 
𝑚𝑒𝑗𝑒𝑐𝑡
𝑀𝑠𝑡𝑎𝑟
 ≈ 0.4 𝜀𝑆𝑁 (
𝑐
10
)
−1
(
𝑣𝑣𝑖𝑟
200 km s−1
)
−2
,   (3.35) 
Where 𝑚𝑒𝑗𝑒𝑐𝑡 is the mass of the ejected gas and c is a halo concentration parameter 
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𝑐 =
𝑟𝑣𝑖𝑟
𝑟𝑠
 ,    (3.36) 
where 𝑟𝑣𝑖𝑟 is the virial radius and 𝑟𝑠 is the scale radius of the halo.  
Ejecting the gas is one way to prevent further star formation, but it does not solely explain the 
effects of supernova feedback.  The second feedback mechanism is heating.  
The energy that is needed to reheat the gas is 
𝐸 =
3𝑀𝑔𝑎𝑠𝑘𝐵𝑇
2𝜇𝑚𝑝
 .   (3.37) 
Reheating the gas from the upper limit of the warm phase ISM, meaning from 𝑇𝑖𝑛𝑖𝑡~10
4𝐾 to 
virial temperature 𝑇𝑣𝑖𝑟 requires the following energy 
𝐸𝑟𝑒ℎ𝑒𝑎𝑡 =
3
2
𝑀𝑔𝑎𝑠
𝑘𝑏(𝑇𝑣𝑖𝑟−𝑇𝑖𝑛𝑖𝑡)
𝜇𝑚𝑝
=
3
4
𝑀𝑔𝑎𝑠𝑣𝑣𝑖𝑟
2 (1 −
𝑇𝑖𝑛𝑖𝑡
𝑇𝑣𝑖𝑟
) .   (3.38) 
When the reheating energy is equated with the ejection energy of equation 3.34, it results  
𝑀𝑔𝑎𝑠
𝑀𝑠𝑡𝑎𝑟
= 17𝜀𝑆𝑁 (
𝑣𝑣𝑖𝑟
200km s−1
)
−2
(1 −
𝑇𝑖𝑛𝑖𝑡
𝑇𝑣𝑖𝑟
)
−1
.    (3.39) 
When comparing the ejection efficiency of equation 3.35 to efficiency of reheating in equation 
3.39, it can be seen that reheating is more efficient than gas ejection. 
Finally there are the galactic winds. They are driven by mechanical energy and momentum from 
active galactic nuclei, stellar winds from starburst activity and also by supernova explosions. As 
discussed earlier AGN activity affects galaxies mainly during the early phases of galaxy formation 
and irregularly in short periods after that. AGN activity is also dependent on the galaxy, because 
in the more massive galaxies the role of AGN is more significant because of the bigger SMBH at 
the centre of the galaxy. The more prolonged effect comes from the starburst and star formation 
activity. Especially very massive stars, for example Wolf-Rayet and OB stars, eject significant 
amounts of their mass in stellar winds (Leitherer et. al. 1992). This is because the radiation 
pressure in stellar winds is comparable to temperature 𝑃𝑟𝑎𝑑 ∝ 𝑇
4 these massive and very hot 
stars, with temperatures 𝑇 ≥ 30 000 𝐾, have loosely bound outer layers that make the mass 
ejection in large quantities possible.  
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The most important factor that generate galactic winds are the supernova explosions that heat 
or reheat the surrounding gas and blow it out of the galaxy. The galactic winds are generated by 
supernova explosions that push gas, dispersed by stellar winds, out from the galaxy. Only a few 
single supernovae are not enough to generate galactic winds. Instead concentrated clusters of 
supernovae are required in large quantities to generate strong enough effect to drive gas out of  
the galaxy. Also the location of supernovae inside a galaxy is important, because it is harder for 
gas to escape from the central parts of a galaxy from small radius compared to outer regions 
from large radius. Galactic winds can be observed especially from starburst galaxies, in which 
there are lots of star forming regions where the wind is originating from young massive stars and 
supernova explosions.  
Two Important parameters regarding the galaxy evolution are the wind velocity 𝑣𝑤 and the mass-
loading factor of the wind 𝜂, which can be expressed as 
𝜂 = ?̇?𝑤/?̇?∗ .    (3.40) 
The mass loading factor is the ratio of the material ejected from the galaxy as a function of time  
relative to its star formation rate. The physics behind the galactic winds is not clearly understood. 
Instead of an exact physical understanding a set of simplified models are used in simulations and 
semi-analytic models. The models are Momentum-driven, energy-driven, constant and power-
law wind models. The most simple approximation is that the winds have constant velocities 𝑣𝑤 =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 and also constant mass loading factor 𝜂 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 where the escaping mass stays 
constant during the whole period during which the wind is affecting galaxy formation.  
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Figure 14: The basic structure of wind in supernova bubbles. In the momentum driven case shown on the left, region a is filled with 
unshocked inner wind flowing out with a speed 𝑣𝑊 working like a piston and creating the shocked wind in region b. The region c 
is the outflowing shell that is either energy or momentum driven. In the momentum driven case on the left the inner wind passes 
the reverse shock region (b) and cools efficiently. In the region b the radiative cooling dominates and the loss of thermal energy 
results into a drop of pressure that makes the region b very thin. In the energy driven case on the right the energy of the wind in 
region a is fully conserved through the outflow without substantial cooling. The outflowing shell of region c is now driven by a hot 
and thick region b that expands adiabatically. 
In the momentum-driven winds there is a fixed amount of momentum. Momentum is also 
conserved in this model. The wind speed is proportional to virial velocity 𝑣𝑤 ∝ 𝑣𝑣𝑖𝑟, so the mass 
loading factor 𝜂 ∝ 𝑣𝑣𝑖𝑟
−1  (Oppenheimer et. al. 2006, 2008).  The structure of the wind bubble is a 
fully radiatively cooled region of shocked wind surrounded by a shell that is only driven by wind 
momentum. The bubble expands with a rate where radius 𝑅 correlates with time 𝑡 as 𝑅 ∝ 𝑡1/2  
(Steigman et. al. 1975). 
In the energy driven wind there is a fixed amount of energy, which is conserved similar to 
momentum in the momentum driven winds. The wind speed is, similar to the momentum driven 
case, 𝑣𝑤 ∝ 𝑣𝑣𝑖𝑟, but the mass loading factor is 𝜂 ∝ 𝑣𝑣𝑖𝑟
−2 . In the momentum driven case there is 
no same energy budget limitation as for supernovae in energy-driven cases, where the maximum 
is ~1051𝑒𝑟𝑔 per SN (Oppenheimer et. al. 2008). In the energy driven case the shell of the wind 
bubble is driven by pressure of shocked wind that expands adiabatically. The expansion rate of 
the radius is proportional to time 𝑟 ∝ 𝑡3/5 (Weaver et. al. 1977), which means that the bubble 
expands more rapidly than in the momentum driven case.  
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No single law can describe the entire effect of the winds. Typically they are a combination of 
momentum and energy driven models that can be expressed as a power law with 𝜂 ∝ 𝑣𝑣𝑖𝑟
−𝛼. Mass 
loading, and therefore also the winds have a strong redshift evolution where the mass loading is 
larger at higher redshifts. This is because there is more gas available in higher redshifts, but there 
was also more star formation and therefore more supernovae.   
Observations of supernova winds are subject to different disturbances. The most visible of them 
are Rayleigh-Taylor instabilities. The most simple explanation for Rayleigh-Taylor instability is a 
situation where light and heavy liquid are divided with a wall that is then removed allowing both 
liquids to mix resulting in a similar situation what can be seen for example in Figure 15. Similarly 
supernova remnants are created by a lower density gas pushing on gas of higher density. This 
happens when a hot gas inside a bubble is pushing on the shell of cold gas and trying to disperse 
it. The finger like filaments can be seen when the cold gas shell breaks and the hot gas escapes. 
A typical example from observations is the Crab nebula supernova remnant, showing very clear 
Rayleigh-Taylor fingers. Mass loading factors are restricted to 𝜂 ≤ 1  in cases where galactic 
winds consist of hot bubbles that are pushing colder gas outwards. 
Similar looking filament structure can be also caused by the cooling instability as shown in the 
research by Tenorio-Tagle (2003). It is a result of a radiative cooling in colliding regions formed in 
the superwinds from multiple sources. The colliding regions then create dense filament 
structures.  
Galactic winds also affects the metallicity distribution in the galaxy. The galactic wind may start 
earlier on larger radii, since the escape velocity is smaller than in the inner regions of the galaxy. 
The star formation is expected to be substantially reduced after the winds start to eject gas from 
the galaxy. The stars will form from the gas that have not been enriched by evolving stars and 
therefore has lower metallicity.  
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Figure 15: Examples of two supernova remnants. On the left hand side Rayleigh-Taylor fingers are clearly visible in the Crab Nebula. 
On the right hand side SN 1572, or Tycho’s Supernova, which shows the bubble structure where the lower density gas has been 
broken through the denser gas in the shell. Similar phenomenon can be seen in a more simple situation where two liquids, one 
heavier and the other lighter, are divided by a wall that is then removed. The heavier liquid is mixed with the lighter liquid causing 
similar looking Rayleigh-Taylor fingers.  (Figures: NASA/ESA/ Hester J./Loll A. (ASU)/CXC/SAO/JPL-Caltech/MPIA/Calar Alto/O. 
Krause et al.) 
3.9.  Mass Exchange 
The supernova bubbles and winds introduced in the chapter 3.7 are an essential part not only in 
heating the gas, but also moving significant amounts of gas from one region to other. The bubbles 
and winds may also eject the gas from the galaxy if the wind velocity exceeds the escape velocity. 
The hot gas can escape the galaxy if the wind speed gains a velocity larger than the escape 
velocity from the area of a halo where the gas is located. A good approximation for the speed for 
wind to escape the galaxy is presented by Efstathiou (2000) 
𝑣𝑤 ≈  √2.5𝑐𝑖  > 𝑣𝑒𝑠𝑐,   (3.41) 
Where 𝑐𝑖 is the isothermal sound speed 𝑐𝑖 = √𝑘𝑇/𝜇, where 𝜇 is the molecular weight and 𝑘 is 
the Boltzmann constant. The constant √2.5  is a gamma index 𝛾 = 𝑐𝑝/𝑐𝑣 . The critical 
temperature is the threshold temperature and if the gas exceeds this temperature it may escape 
the galaxy. This is basically the same as the virial temperature explained in the section 2.6. For 
hot gas to escape the galaxy potential depends on the mass of the galaxy. For a Milky Way-like 
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galaxy the temperature is 𝑇𝑐𝑟𝑖𝑡 ≈ 5 × 10
6𝐾 , but for dwarf galaxies of lower mass the 
temperature is only 𝑇𝑐𝑟𝑖𝑡 ≈ 3 × 10
5𝐾. Gas can escape the galaxy if its temperature exceeds the 
critical temperature.  What this means is that much larger fractions of the gas can escape in hot 
winds from smaller galaxies that have lower critical temperatures (Johansson 2006).  
Outflows of hot ejecting gas have been observed, for example, in the Lyman break galaxy 
MS1512-cB58 (Pettini et. al. 2000). Lyman break galaxies are star-forming galaxies at high 
redshifts that are selected based on observations by looking at the differing appearance in 
different wavelengths at the Lyman limit, at 91.2 nm, which corresponds to the energy required 
for an electron in the hydrogen ground state to escape the atom. Lyman break galaxies are hardly 
visible in wavelengths shorter than 912 Å since radiation at higher energies is mostly absorbed 
by neutral hydrogen around the star forming regions. In MS1512-cB58 there is evidence for 
outflow wind with speed 𝑣𝑤~ 200 𝑘𝑚/𝑠, a mass loss rate of ~60𝑀☉𝑦𝑟
−1, and a star formation 
rate of ~40𝑀☉𝑦𝑟
−1. Both star formation and mass loss rates are high compared to the models 
introduced in this thesis, but they may indicate that either MS1512-cB58 is currently going 
through a starburst phase or it is a massive galaxy driving an outflow that will remain bound to 
the system, for example in the galactic fountain (Efstathiou 2000).  
Also other observational features are suspected to be an indirect result of outflowing winds. The 
outflowing winds from dwarf galaxies will cool rapidly (Efstathiou 2000) and photoionized gas 
clouds that are formed in the cooling wind might contribute to the Lyman-𝛼 forest (Wang 1995b). 
Lyman-𝛼 forest is a series of absorption lines coming from the Lyman-alpha electron transition 
of neutral hydrogen that can be seen in the spectra of distant galaxies and quasars. They are also 
systems of lowest absorption with very low column densities 𝑁(𝐻𝐼) = 1012 − 1014𝑐𝑚−2.  
Damped 𝐿𝑦𝛼  (DLA) systems are concentrations of neutral hydrogen detected in spectra of 
quasars. The absorption lines are created when the light from a quasar goes through a disk of a 
protogalaxy. DLA systems have the deepest absorption lines, which are optically wide their 
column density corresponding 𝑁(𝐻𝐼)~2 × 1020𝑐𝑚−2. Outflows caused by star formation bursts 
in dwarf galaxies are suggested to produce these DLA systems. Most of the neutral cold gas are 
inside DLA systems and observing them makes estimations of the evolution of cold gas in the 
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Universe possible. Based on this the amount of cold gas has been nearly constant until redshift 
𝑧 = 1, when also the star formation peaked. After this era the amount of cold gas has decreased. 
Similarly, observing metallicities near DLA systems can be used to estimate the evolution of 
metallicity in the Universe, which has been ~0.1𝑍☉ and it increases only near the present day 
Universe at 𝑧 = 0. (Sparke 2007) 
 
Figure 16: The mechanism of galactic fountain. Gas clouds that are ejected from the disk by supernova feedback travel through 
the halo and interact with the hot ionized gas in the corona. The coronal gas interacts with the high metallicity gas coming from 
the disk triggering cooling, which eventually leads gas to fall down into the disk. 
When the wind speed does not exceed the escape velocity 𝑣𝑤 < 𝑣𝑒𝑠𝑐 the gas might escape the 
galactic plane temporarily rising into the halo where the gas cools down and falls back into the 
galaxy. This is a process called galactic fountain. In a simplified case where the gravity of the disk 
and the angular momentum of the gas is ignored, the gas moving in a ballistic trajectory in the 
galactic fountain can be expected to return back to the same radius it was expelled from on a 
timescale 𝑡𝑟𝑒𝑡 which is  
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𝑡𝑟𝑒𝑡 = 2𝑡𝑓𝑓(𝑟𝑚𝑎𝑥),    𝑣𝑤
2 = 2[𝜙𝐻(𝑟𝑚𝑎𝑥) − 𝜙𝐻(0)],    (3.42) 
Where 𝑡𝑓𝑓 is the free-fall time (Efstathiou 2000).  
 
3.10. Metallicity 
In astronomy all chemical elements heavier than helium are called metals. Metallicity is defined 
as the mass fraction of a baryonic component in metals. During the first three minutes after the 
Big Bang almost only hydrogen (~75%) and helium (~25%) were produced. In addition only two 
metals, lithium and beryllium, were produced in very small quantities. All other metals in the 
Universe were produced later in nuclear reactions in stars. This is because after the first three 
minutes temperature of the Universe and the energies and densities of particles were not large 
enough to initiate further nuclear reactions. 
Supernovae and stellar winds are playing an essential part in the chemical evolution of galaxies. 
Stellar winds expel matter from stars into the interstellar medium and enrich it with newly 
produced metals. Secondly, when massive stars reach the end of their lives in supernova 
explosions, they not only distribute metals from the massive star across the galaxy, but they also 
produce elements heavier than iron during their explosion process. 
The metallicity drastically affects both galaxy formation and the observable properties in galaxies. 
The color and luminosity of stars are greatly affected by the metallicity in addition to their age. 
Secondly, as has already been mentioned in this thesis, the metallicity affects strongly the cooling 
efficiency of the gas. Metal rich gas specifically cools faster than gas with low metallicity. Lastly 
the metallicity also influences the quantity of dust grains that are small particles of heavy 
elements mixed into the interstellar gas in galaxies. Dust grains have a great impact on 
observations, because they can absorb significant amounts of the starlight and reradiate it at 
infrared wavelengths. This affects the galaxy brightness by making galaxies with lot of interstellar 
extinction appear much dimmer at optical wavelengths. 
The lower mass stars with masses 𝑀 < 8 𝑀☉ do not end their lives in supernova explosions. 
Instead when these stars have exhausted their hydrogen cores, they exit the main sequence and 
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turn into red giants. When the helium ignites these stars enter into the asymptotic giant branch 
(AGB) in the Hertzsprung-Russel diagram. After all the helium in the core has been used the core 
consists only of carbon and oxygen.  Eventually, in the AGB phase, these stars eject planetary 
nebulae losing all the material from the outer layers. The mass loss is the strongest during this 
phase, because the surface gravity of the star is very low during the supergiant phase, which 
makes increases the effects of stellar winds. Finally, when the outer layers are lost only the hot 
C/O core is left known as a white dwarf.   
 
Table 2: The ejected masses 𝑀𝑒𝑗 and chemical elements of the ejecta in  𝑀☉ for stars of mass 𝑀𝑠 = 0.99 − 100  𝑀☉ and with 
solar metallicity. Ejection mechanisms taken into account are winds and Type II supernovae. (Figure: MBW 2010) 
White dwarfs have masses of ~0.4 − 1.4 𝑀☉, which indicates that most of the original stellar 
mass is returned to the interstellar space. Even though the remaining white dwarf consists mostly 
of heavier elements produced during their lifetimes and it might appear that they only eject 
hydrogen and helium envelopes to their surrounding space in giant stellar evolution phase. This, 
however, is not the case based on the observations made from planetary nebulae in Milky Way 
and Magellanic clouds as can be seen from the Table 2. Because of the high accuracy required to 
make measurements from distant winds in planetary nebulae for stars with mass lower than 
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𝑀 < 8 𝑀☉, the amount of metals still relies heavily on theoretical prediction therefore including 
large uncertainties regarding the amount of metals injected into the ISM. 
Massive stars with masses 𝑀 > 8 𝑀☉, on the other hand, are the ones that enrich the ISM with 
stellar winds and with the ejecta of supernova explosions. Stars in the mass range 8 𝑀☉ ≤ 𝑀 ≤
20 𝑀☉ contribute chemical elements to ISM mainly through supernovae, but more massive stars 
are more effective in delivering chemical elements through stellar winds. This is because winds 
are driven by radiation pressure of the star 𝑃𝑟𝑎𝑑 , which has a strong relation with effective 
temperature 𝑃𝑟𝑎𝑑 ∝ 𝑇𝑒𝑓𝑓
4 . Massive stars are hotter and they have larger radius, hence lower 
surface gravity, than less massive ones and therefore the mass loss is also much stronger. 
The elements that surround the core before the supernova explosion are known. For massive 
stars the burning shells contain Si, O, Ne, C, He and H. However, the exact quantities of different 
chemical elements delivered to the ISM are still unclear, since the amount of the kinetic energy 
delivered to the ejecta is not well known. Another uncertainty is the change of composition 
before and after the explosion. (MWB 2010)  
Finally there are Type Ia supernovae, which are explosions of a C/O white dwarf that is accreting 
material from the companion star. When the total mass of hydrogen envelope and white dwarf 
exceeds the Chandrasekhar limit the star will explode converting C and O into new elements. The 
typical Type Ia supernova ejects approximately 1.38 𝑀☉ material that contains  ~0.75 𝑀☉ Fe, 
which can be 5-10 times more than typical Type II supernova produces. Other elements are 
 ~0.05 𝑀☉  C,  ~0.14 𝑀☉  O,  ~0.005 𝑀☉  Ne,  ~0.01 𝑀☉  Mg,  ~0.15 𝑀☉  Si and  ~0.09 𝑀☉  S. 
This shows that Type Ia supernovae are the main producers of iron.  However, 𝛼 elements, which  
are elements created from integer multiples of helium cores meaning C, O, Ne, Mg, Si, S and Ca, 
are created by both Type Ia and II supernovae. 
3.11. Chemical Evolution 
To start the inspection of chemical evolution, let us first use a closed box model and follow the 
derivation shown by Mo et. al. (2010). In the closed box model gas does not escape or new gas 
does not flow into the system. The system can be, for example, part of the galaxy or the whole 
galaxy. The evolution of gas 𝑚𝑔𝑎𝑠(𝑡) can be written as 
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𝑑𝑚𝑔𝑎𝑠(𝑡)
𝑑𝑡
= −Ψ(t) +  𝜀(𝑡),    (3.43) 
where Ψ(𝑡) is the star formation rate and 𝜀(𝑡) is the return rate that at which stars return mass 
to the gas phase due to stellar winds and supernova feedback, which can be written as 
𝜀(𝑡) =  ∫ 𝑚𝑓𝑀
(𝑒𝑗)(𝑚)
∞
𝑚𝜏
Ψ(𝑡 − 𝜏𝑚)
𝜙(𝑚)
 𝑀☉
 dm,   (3.44) 
where m is the original mass of a star, 𝜙(𝑚) is the IMF, 𝑚𝜏 mass of a star whose lifetime is 𝜏 and 
𝑓𝑀
(𝑒𝑗)
 is a fraction of star’s initial mass that is ejected 
𝑓𝑀
(𝑒𝑗) = ∑ 𝑓𝑀,𝑗
(𝑒𝑗)
𝑗 = 1 −
𝑚𝑟𝑒𝑚
𝑚
 ,   (3.45) 
with the summation over all elements j and the mass of stellar remnant 𝑚𝑟𝑒𝑚 . This can be 
expanded to include metals with the assumption that the gas is uniformly mixed. Then the time 
evolution of the gas metallicity is 
𝑑(𝑍𝑚𝑔𝑎𝑠)
𝑑𝑡
= −𝑍Ψ(𝑡) + 𝜀𝑍(𝑡),   (3.46) 
where the metallicity is 𝑍 =
𝑚𝑍
𝑚𝑔𝑎𝑠
 and 
𝜀𝑍(𝑡) =  ∫ 𝑚𝑓𝑍
(𝑒𝑗)(𝑚)
∞
𝑚𝜏
Ψ(𝑡 − 𝜏𝑚)
𝜙(𝑚)
 𝑀☉
 dm,   (3.47) 
with  
𝑓𝑍
(𝑒𝑗) = ∑ 𝑓𝑀,𝑗
(𝑒𝑗)
𝑗∈𝑚𝑒𝑡𝑎𝑙𝑠 (𝑚).    (3.48) 
The return rate 𝜀(𝑡) can be expressed in a different form if stars with masses 𝑚 < 𝑚lim  are 
assumed to live forever and stars with masses 𝑚 > 𝑚𝑙𝑖𝑚 are assumed to have very short lives.  
This is because the lifetimes of stars with lower mass are very long and their contribution to the 
chemical evolution of a galaxy happens in longer timescales than is important to galaxy evolution 
in this case. For example stars with solar mass have lifetimes of 𝜏 ~ 109 years. Vice versa, stars 
with very high mass, 𝑚 > 100 𝑀☉, have very short lifetimes 𝜏 <  10
5 years. Taking these new 
mass limits into account, the integration limit 𝑚𝜏 can be changed to 𝑚𝑙𝑖𝑚 and star formation rate 
is just Ψ(𝑡). Then the return rate is written 𝜀(𝑡) =  Ψ(𝑡)ℛ, where 
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ℛ = ∫ 𝑚𝑓𝑀
(𝑒𝑗)(𝑚)
∞
𝑚𝑙𝑖𝑚
𝜙(𝑚)
 𝑀☉
 𝑑𝑚.   (3.49) 
The metal yield is the ratio between the mass of newly produced metals and the total mass that 
remains in the remnant star 
𝑦𝑍 =
1
1−ℛ
∫ 𝑚𝑓𝑍
(𝑝)(𝑚)
∞
𝑚𝑙𝑖𝑚
𝜙(𝑚)
 𝑀☉
 𝑑𝑚,   (3.50) 
with 𝑓𝑍
(𝑝)(𝑚) being the ratio between mass of newly produced metals that have been ejected 
and stars original mass m, which can be also expressed as  
𝑓𝑍
(𝑝)(𝑚) = 𝑓𝑍
(𝑒𝑗)
− 𝑓𝑀
(𝑒𝑗)𝑍(𝑡 − 𝜏𝑚).   (3.51) 
The second term on the right hand side is the mass fraction of metals that were already in the 
star at the formation and that have been returned back to the ISM due to feedback through 
stellar winds or supernova feedback. Now equation 3.45 can be written in the form 
𝜀𝑍(𝑡) = Ψ(𝑡) [ℛ𝑍(𝑡) + 𝑦𝑍(1 − ℛ)].   (3.52) 
Using the equations 3.52 and 3.44 to equations 3.47 and 3.43 we can get the evolution of 
metallicity in a form 
𝑍(𝑡) = 𝑍(0) + 𝑦𝑍ln [
𝑚𝑔𝑎𝑠(0)
𝑚𝑔𝑎𝑠(𝑡)
].   (3.53) 
If at the starting time 𝑡 = 0 the mass of the gas 𝑚𝑔𝑎𝑠(0) = 𝑚𝑡𝑜𝑡, the equation above simplifies 
into 
𝑍(𝑡) = 𝑍(0) − 𝑦𝑍 ln[μ(t)] , where μ(t) =
𝑚𝑔𝑎𝑠(𝑡)
𝑚𝑡𝑜𝑡
.   (3.54) 
The closed box model is a simplified case that can be used in simulations and calculations to make 
them lighter and easier, but more sophisticated methods are required so that the physics could 
be described more accurately. When moving beyond the close box model, it can be seen that the 
metallicity affects also to inflow and outflow of gas. The equation for the metallicity in this case 
is 
𝑑(𝑍𝑚𝑔𝑎𝑠)
𝑑𝑡
= −𝑍Ψ(𝑡) + 𝜀𝑍(𝑡) + 𝑍𝐴𝐴(𝑡) − 𝑍(𝑡)𝑊(𝑡),   (3.55) 
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Where 𝐴(𝑡)and 𝑊(𝑡) are the rates of gas mass for the inflow and the outflow and 𝑍𝐴  is the 
metallicity of the inflowing gas. This gives solution to couple of scenarios. In the first case there 
is no infalling gas and the outflow is proportional to the star formation rate through a constant 
𝛼 so that 𝑊(𝑡) = 𝛼(1 − ℛ)Ψ(𝑡) that gives 
𝑍(𝑡) = 𝑍(0) +
𝑦𝑍
1+α
ln [
𝑚𝑔𝑎𝑠(0)
𝑚𝑔𝑎𝑠(𝑡)
].   (3.56) 
The second case where the star formation is equal to the infall and 𝑚𝑔𝑎𝑠 is therefore constant, 
the metallicity is 
𝑍 = 𝑍𝐴 + 𝑦𝑍 {1 − 𝑒𝑥𝑝 [1 −
𝑚𝑡𝑜𝑡(𝑡)
𝑚𝑔𝑎𝑠
]}.    (3.57) 
This can also be used to determine the metallicity distribution of stars when most of the gas is in 
stars, meaning that 𝑚𝑡𝑜𝑡 is much larger than 𝑚𝑔𝑎𝑠.  
𝑚∗(< 𝑍) = 𝑚𝑡𝑜𝑡(𝑡) − 𝑚𝑔𝑎𝑠 = −𝑚𝑔𝑎𝑠 ln (1 −
𝑍−𝑍𝐴
𝑦𝑍
).  (3.58) 
In this thesis, similar to Efstathiou (2000), the mean metallicity of gas ejected from a dwarf galaxy 
is typically about  𝑍☉/10. For the Milky Way-like galaxy the result is similar to metallicities found 
from central regions of clusters, where the metallicity is much higher ~ 𝑍☉/3. This can be a result 
of a top heavy IMF (Mushotsky et. al 1997, Renzini et. al. 1993). However, the dwarf galaxies may 
expel greater amounts of gas, because they are less massive and therefore it is easier for gas to 
escape the galaxy. Even as much as 5-10 times their residual mass in stars. (Efstathiou 2000) 
In reality the metallicity distribution is not uniform in galaxies. There are multiple reasons why 
metallicity gradients exists. Star formation is not uniform inside a galaxy.  Therefore, in outer 
regions of a galaxy where the gaseous disk extends beyond the stellar disk the gas has much 
lower metallicity  𝑍/𝑍☉  ≤ 10
−2  than in the inner parts, because it is not disturbed by star 
formation activity. Also in the large disk systems the metallicity gradient falls linearly as a function 
of radius. In smaller galaxies these extended disks might survive on timescales comparable to the 
Hubble time without ever transforming into stars and survive from high redshifts to the present 
day (Efstathiou 2000). This, however, is not the case in all galaxies. The extended disk is 
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susceptible to external disturbances, such as collisions and tidal interactions create torques that 
might transport the gas towards the centre of the system. 
4.  Simulation Model 
4.1.  Introduction 
The simulation model in this thesis is based on the Efstathiou (2000) model of supernova 
feedback during disk galaxy formation. The model used in this thesis uses the basic E00 model 
without all possible refinements introduced in the original paper by Efstathiou (2000). In this 
section the basic E00 model is introduced and tied to the theory covered in the previous sections. 
Also some approximations and simplifications that are used in this model are introduced here. 
The E00 model is a one dimensional semi closed box model. In this case one dimensional means 
that the inspected values are observed only as a function of the radial distance from the galaxy 
centre. Therefore the model can be understood also as two dimensional even though the values 
are calculated only in one dimension. This model is not a fully closed box model either, because 
gas can escape the simulation box. On the other hand, gas cannot fall back into the box meaning 
that if gas escapes, it is lost forever and it will not affect the further evolution of the galaxy. This 
makes the model a semi closed box instead of a closed box model, in which case no gas would 
escape the box nor fall back in. In Figure 17 a simple visualization of the E00 model is presented. 
The E00 model is based on the more complex ISM model by McKee & Ostriker (1977, hereafter 
MO77).  The main difference between these models is that in E00 the ISM is presented as a two-
phase medium with only hot and cold gas components, instead of the three-phase model of the 
ISM in MO77 model. In the two-phase model the cold gas includes most of the gas mass of the 
disk, which is converted into a hot phase by thermal evaporation in expanding supernova 
remnants. The cold phase is thus gradually lost by a galactic wind as it is converted into a hot 
phase. (Efstathiou 2000) 
The results of the E00 model show that supernova feedback can work effectively in a quiescent 
mode without high rates of star formation. In this model expanding supernova remnants are 
heating cold gas and turning it into a hot component. Even though this evaporation of cold gas 
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occurs steadily, it can exceed the rate at which the mass is converted into stars. The hot phase 
may reach high enough temperatures so that winds can form and some gas may escape the halo. 
This may happen when the gas temperature in the wind exceeds the virial temperature of the 
galaxy 𝑇𝑤𝑖𝑛𝑑 > 𝑇𝑣𝑖𝑟.  
 
 
Figure 17: Visualization of the halo model in the E00 simulation. The E00 model consists of a spherical halo inside which gas and 
dark matter is distributed homogenously. The gas inside the halo starts to collapse and fall towards the thin disk at the centre. 
Gas closer to the polar regions falls faster than gas at larger radii and smaller z value which is farther from the poles. The thin disk 
at the centre is the disk of the galaxy, which has no thickness along z axis.   
The model also shows that outflows with speeds of ~200 km s−1 should be common in high-
redshift galaxies with very high gas fractions. The reason why outflows are more common at high 
redshifts is that galaxies at that time were generally smaller lower mass galaxies compared to 
galaxies in the present day Universe. There were also more gas in the galaxies and ongoing star 
formation to drive the outflows. The mass loss in the winds can be equivalent to the star 
formation rate ?̇?𝑤 ~ ?̇?𝑆𝐹𝑅. Also in the E00 model the extended gaseous disks forming around 
dwarf galaxies have low metallicities because of the low star formation rates. This could mean 
that these systems are seen as damped Lyman 𝛼 systems at high redshifts. Damped Lyman 𝛼 
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systems are concentrations of neutral hydrogen that are detected in the spectra of quasars with 
a column density 𝑁𝐻𝐼 > 10
20.3𝑐𝑚−2 . 
Angular momentum has an essential part in the model, because without feedback it has proved 
impossible to form disks with angular momenta similar to those of real disk galaxies. Following 
Fall & Efstathiou (1980) the gas is assumed to follow the spatial distribution of the halo 
component with the same distribution of speciﬁc angular momentum prior to collapse. The 
conservation of angular momentum is presented in chapter 4.6. Secondly, the angular 
momentum is assumed to be conserved during the collapse. 
The E00 model also enables a comparison of the efficiency between starburst versus quiescent 
feedback modes. Starburst galaxies are more common at high redshifts because of the higher 
probability of galactic interactions and the higher gas fractions in galaxies. In the E00 model the 
maximum mass of cold gas is always between 20-50 percent. Even if a significant amount of this 
gas would be ejected due to tidal interactions it is not enough to exceed the effects of quiescent 
feedback mode during the entire lifetime of the galaxy. However, the merger rate is generally 
low and this is not a common event between galaxies so mergers cannot give similar impact as 
other mechanisms that are more regular and occur more frequently.  
Finally, the metallicity ejection from the galaxy is inspected. At first all the gas consists of 
primordial gas with zero metallicity. Chemical evolution is included in the model and metals are 
assumed to be recycled instantly. This means that the metal enriched gas is perfectly mixed with 
the ISM without any delay at all times. Therefore the gas ejected in the galactic fountain, as 
presented in Figure 16, has the same metallicity as the ISM. 
In this thesis the most basic model of the simulation is used, but the original E00 model can be 
refined further with additional refinements. Starting from chapter 4.3 the basic input parameters 
are introduced, which determine the evolution of the model. Some of the refinements are 
introduced in the later chapters. However, even with the refined model the final results are not 
significantly different from the results that are achieved just with the basic model and which are 
introduced in figure 19. 
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4.2.  Approximations 
As mentioned in the introduction, the simulation is a semi closed box model with several 
simplifications. In this chapter all of these simplifications important to this thesis are introduced 
in more detail.  
The first approximation is that the entire system is isolated. This means that there is no 
interaction with other bodies that would distract or contribute to the formation of the galaxy. 
This model also ignores the cosmological setting, and therefore it is not a viable cosmological 
model for galaxy formation without making further refinements to the model. These additions 
are beyond the scope of this thesis and therefore they are not discussed further. 
Figure 17 gives an illustration of the model. It would be an oversimplification just to define the 
model merely as one dimensional. All output values are calculated as a function of radius or as a 
function of time. The model handles a spherical halo of evenly distributed dark matter and in the 
initial setting the gas follows the distribution of the dark matter. The gas starts to fall from a 
spherical halo into a very thin disk. In the disk model the output parameters can be observed to 
follow radial distance steps starting from the centre of the galaxy. The disk has no vertical 
thickness and therefore the z value for the disk is always 𝑧 = 0.  
Because of the semi closed box model, the second simplification is that there is no new infalling 
gas. The halo mass in the beginning determines the maximum mass of the galaxy. In this model 
the total mass can only decrease when it escapes the galaxy. A more detailed definition of halo’s 
initial mass in this model is introduced in the next section.  
The third, completely ignored, simplification is the interaction between escaping and infalling 
gas, which basic principles are visualized in Figure 18. First of all it would require hydrodynamical 
simulations that are beyond the scope of this model. Moreover, new infalling gas is also ignored. 
Some of the gas that do not exceed the escape velocity is moving in ballistic orbits from one 
region to the other within the halo. Regarding the gas in the ballistic orbits the model only 
calculates the coordinates, velocities and time how long it takes from the ejected gas to reach 
other regions of the galaxy where they reappear again in the galactic disk. What this means in 
practice is that the properties of the gas are stored and taken away from the disk and then 
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respawned back into the disk on later time step. Also the interaction between these gas clumps 
with other gas is ignored due to the reasons explained above.  
 
Figure 18: Visualization of how galactic fountain is handled in the E00 simulation. Gas is heated and ejected at time 𝑡1 at location  
?̅?1 and it reappears later back to the disk at time  𝑡2 to location  ?̅?2. While the gas is in ballistic orbit it does not interact with 
anything. Instead, the gas disappears from the disk and respawns back to the new location which is calculated based on 
parameters at the initial location. If the velocity of gas exceeds the escape velocity, it will never reappear back to the disk, but is 
thrown out of the halo instead. 
As was introduced in the chapter 3.1, the ISM is typically considered to have at least three stable 
phases and even more short lived unstable phases. The E00 model only has two phases, which 
are the hot and the cold phase of the ISM. In the beginning there is only cold gas that follows the 
dark matter distribution of the halo. After the initial conditions the most of the cold gas is 
assumed to be in the cold clouds of constant density ?̅?𝑐 = 7 × 10
−23𝑔 𝑐𝑚−3  and with a 
distribution of cloud radii 𝑎 following 
𝑑𝑁𝑐𝑎
𝑑𝑎
= 𝑁0𝑎
−4, 0.5𝑝𝑐 < 𝑎 < 10𝑝𝑐.  (4.1) 
Star formation begins and supernovae start to heat the cold gas and evaporating cold gas clouds. 
This heating creates a hot low-density phase in the ISM. The hot gas can also generate a wind 
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from the galaxy as introduced in the chapter 3.8. Also there is no restrictions regarding metallicity 
for the two phase ISM to exist in this model. 
Another approximation regarding cold clouds is that all clouds are considered to be similar. There 
is no distinction between cold clouds and dense molecular clouds.  
Cooling has a very essential role in galaxy formation as was introduced in chapters 3.1 and 3.2. 
In the E00 model the cooling time is calculated with the equation 
𝑡𝑐𝑜𝑜𝑙 =
3
2
𝑘𝑇𝑣×1.92
Λ(𝑇𝑣)𝑛𝑒(𝑟)
 ,   (4.2) 
where 𝑛𝑒(𝑟) is the electron density, Λ(𝑇𝑣)is analytic approximation of real cooling rate. In this 
case the approximation is expressed as 
Λ(𝑇𝑣) ≈ 2.5 × 10
−22𝑇𝑣
−1.4𝑒𝑟𝑔 𝑐𝑚3𝑠−1,  (4.3) 
where the temperature is set to the virial temperature. One thing that stands out from the 
equation 4.2 is that it is independent of metallicity. This means that the cooling in the E00 model 
is not affected by the metallicity evolution, which is one of the simplifications in the model. 
Metals are not ignored completely. Instead as will be seen in the next chapters the chemical 
evolution is one of the outputs that will be calculated during the galaxy formation simulation.  
Finally, there is no other feedback mechanisms that would contribute to the process. The most 
typical feedback that could be included is the feedback coming from the central black hole.   
In the following chapters the basic model and its input parameters are explained. The 
approximations assumed in the simulation are explained in the previous section. Refinements of 
the model are presented in more detail in chapter 4.9. 
4.3.  Galaxy Rotation and Mass 
There are seven variables that define the initial parameters. The first one is the circular velocity 
of the galaxy. The circular velocity defines the disk galaxy model to be used in the simulation. 
More precisely, the galaxy mass defines the circular velocity and the mass of the halo is defined 
with the density 
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𝜌𝐻(𝑟) =
𝛿𝑐𝜌𝑐
(𝑐𝑥)(1+𝑐𝑥)2
,    𝑥 = 𝑟/𝑟𝑐,  (4.4) 
where 𝜌𝑐  is the critical density, 𝑟𝑣 is the virial radius at which the halo has a mean overdensity of 
200 with respect to the background and 𝑐 is a concentration parameter, which is approximately 
10 for CDM models. This is the so called Navarro-Frenk-White (NFW) profile, which is a density 
profile that can be universally used for the cold dark matter haloes (NFW 1996). For a spherical 
system the mass can be solved from the equation of circular velocity 𝑣𝑐
2(𝑟) = 𝑟
𝑑𝜙
𝑑𝑟
=
𝐺𝑀(𝑟)
𝑟
.  More 
massive galaxies have higher circular velocities, which means that the circular velocity increases 
as a function of galaxy mass. This is important, because the more massive the galaxy the deeper 
is the gravitational potential well and therefore it is harder for gas to escape from the galaxy. 
Therefore, the efficiency of mass loss outflows increases when the galaxy mass decreases. 
 
Table 3: There are seven input parameters used in the simulation model. The first three on the left are the most important ones 
that define the model. They are starting from the left the circular velocity, star formation efficiency and the effectiveness of 
thermal conduction. The last four on the right hand side are refinement parameters used to specify the model in more detail. The 
fourth parameter starting from the left expresses the efficiency of how supernova energy is coupled to the hot coronal gas. The 
following three are efficiency parameter controlling the effect of pressure-induced star formation, parameter controlling the 
cooling of the halo and finally a parameter controlling the variation of cloud radii with pressure. 
The rotation velocity does not change significantly as a function of the distance from the galaxy 
centre 𝑟, but follow a flat rotation curve as was introduced in chapter 2.5. A galaxy mass can be 
solved in a way as presented in the equation 2.8, which gave a result 𝑀(< 𝑟) =  𝑣𝑟𝑜𝑡
2 𝑟 / 𝐺. This 
means that the rotational velocity defines the galaxy mass and from the equation 2.8 can be 
clearly seen that more massive disk galaxies have higher rotational velocities 𝑣𝑟𝑜𝑡.  
The typical peak value of rotation curve for Milky Way-like massive disk galaxy is 
𝑣𝑐𝑖𝑟𝑐~ 280 𝑘𝑚/𝑠. Even though Milky Way is not the most massive disk galaxy, the effect of the 
supernova feedback does not change significantly when moving to more massive galaxies in this 
model. Instead, lower mass galaxies show more distinctive differences in how effectively 
supernova feedback affects the ejected gas mass and efficiency of supernova feedback. In the 
E00 model two different cases with lower rotational velocities compared to Milky Way are tested 
both showing much higher quantities of ejected gas as shown in Figure 17. This means that a 
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dwarf galaxy with circular velocity of ~50 𝑘𝑚/𝑠 can expel ~60 − 80 percent of its gas over a 
time-scale of ~ 1 𝐺𝑦𝑟.  
In reality, the rotational velocity is a quantity that can be observed with direct observations. The 
observations can be made at optical wavelengths by observing the spectral lines and this way 
obtaining the radial velocity, which helps to determine the rotation of stars around the galaxy. 
Another and more traditional method is to make measurements with radio telescopes by 
measuring 21cm line of hydrogen. The advantage of this method is that the detectable gas disk 
extends further out than the detectable stellar disk at optical wavelengths. 
4.4.  Star Formation Efficiency 
The next parameter in the model is the star formation efficiency. The strength of the efficiency 
is affected by the selected initial mass function, properties of the clouds and the star formation 
rate.  In the case of E00 model a Salpeter (1955) IMF is used in the form presented in the equation 
3.28 for masses 0.1 𝑀☉ < 𝑚 < 50 𝑀☉ . Each star with mass greater than 8𝑀☉ is assumed to 
explode in a supernova releasing 1051𝑒𝑟𝑔 in kinetic energy. Therefore, the energy injection rate 
is related to the star formation by 
?̇?𝑠𝑛 = 2.5 × 10
41𝐸51?̇?∗ 𝑒𝑟𝑔 𝑠
−1,  (4.5) 
Where ?̇?∗  is the star formation rate per year in 𝑀☉ . For the Salpeter IMF one supernova is 
expected to form for every 125 𝑀☉ of formed stars. 
Even though The Salpeter IMF, introduced in the section 3.7, is an approximation it predicts well 
the IMF in the mass range of 0.4𝑀☉  ≤ 𝑚 ≤ 10𝑀☉, which gives an adequate accuracy for this 
simulation.  
The clouds are assumed to be cold and to have constant density  𝜌𝑐 = 7 × 10
−23𝑔𝑐𝑚−3 and 
cloud radii distribution follows a profile of equation 4.1 with  𝑎𝑙 = 0.5 𝑝𝑐 and 𝑎𝑢 = 10 𝑝𝑐. 
This leads to the third variable in the model, which is an efficiency parameter 𝜖𝑐. It defines the 
amount of stellar mass formed within a certain time and it is expressed as 
𝜖𝑐𝐸51?̇?∗ = 0.004,   (4.6) 
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where ?̇?∗ is the star formation rate and 𝐸51is the energy in units of 10
51𝑒𝑟𝑔. In this model this 
means that the behavior between star formation rate and efficiency parameter is that star 
formation rate decreases if the value of 𝜖𝑐 increases. 
The efficiency parameter used in the E00 model is set to 𝜖𝑐 = 0.01. This corresponds to a net 
star formation rate 0.4 𝑀☉𝑦𝑟
−1 for the 𝑣𝑐 = 280 𝑘𝑚/𝑠 model, which is close to a typical value 
for a Milky Way -like galaxy with star formation rate ~1 − 2  𝑀☉𝑦𝑟
−1.   
4.5.  Evaporation of Cold Clouds 
The fourth input variable quantifies the effectiveness of the classical thermal conductivity of the 
gas clouds 𝜙𝜅 = 𝜅𝑒𝑓𝑓/ 𝜅. In optimal circumstances 𝜙𝜅 = 1, but typically the parameter is less 
than unity if the conductivity is reduced by tangled magnetic fields, turbulence or other similar 
distorting phenomena. 𝜙𝜅  is used to define how effectively heat from supernovae can 
disassemble cold gas clouds. The thermal conductivity is used to calculate the evaporation 
parameter Σ, which is defined as 
Σ =
γ
4πa1𝑁𝑐𝑙𝜙𝜅
,   (4.7) 
Where γ is the relation of isothermal sound speed and blast velocity γ = 𝑣𝑏/𝑐ℎ ≈ 2.5 and a1 =
0.5, which is the minimum cloud radii used in the simulation.  The amount of escaped gas is not 
sensitive to changes of  𝜙𝜅, but the mass of the final stellar disk increases when 𝜙𝜅 is reduced. 
The efficiency parameter 𝜖𝑐  and the evaporation parameter 𝜙𝜅  are the two of the most 
important parameters regarding the simulation. These two variables define the most basic 
functionality of the model. Using the most basic model the results seen in Figure 17 and 18 are 
achieved, which correspond to the MW and DW models in Table 3. 
 
Table 4: Values used for two basic disk galaxy models by in simulations by Efstathiou (2000). The MW model is a Milky Way-like 
disk galaxy with more massive disk 𝑀𝐷 and higher rotational velocity. DW is a less massive dwarf like galaxy.  (Table: Efstathiou 
2000) 
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Figure 19: Solid lines show the evolution of the gas and dashed lines (from left to right) the stellar surface mass density for 
ages of 0, 0.1, 1, 3, 6 and 10 Gyr old galaxies as a function of disk radius 𝑟/𝑟𝐷 from the galaxy centre. These results are 
achieved with the most basic model without refinements.  (Figure:Efstathiou 2000) 
 
Figure 20: In these panels are shown properties of the hot gas in a Milky Way-like galaxy and in a dwarf like galaxy. Both 
figures are based on the same parameters and simulations than the Figure 19. The solid lines show the temperature of the 
hot gas and the dashed lines the density as a function of the disk radius. Dotted lines are the ratio of overlap to cooling time-
scales 𝑡𝑜/𝑡𝑐𝑜𝑜𝑙. (Efstathiou 2000) 
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4.6.  Conservation of Angular Momentum 
At the beginning, before the collapse, the gas follows the spatial distribution of the halo with the 
same distribution of angular momentum. The halo is also assumed to be rigid and rotate with 
rotation speed 𝑣𝐻
𝑟𝑜𝑡(?̅?𝐻) in cylindrical coordinates. The gas is assumed to conserve its angular 
momentum during the collapse and the angular momentum of the halo is 
𝑙𝐻 = ?̅?𝐻𝑣𝐻
𝑟𝑜𝑡,  (4.8) 
where  ?̅?𝐻 is the radial cylindrical coordinate from where the gas originated. This is equal to the 
final angular momentum of disk at radius ?̅?𝐷 , where the gas collapses and which can be 
expressed similarly as 
𝑙𝐷 = ?̅?𝐷𝑣𝐷
𝑟𝑜𝑡.  (4.9) 
The equation of mass conservation is  
𝑑?̅?𝐻
𝑑?̅?𝐷
=
𝜇𝐷(?̅?𝐷)
𝜇𝐻(?̅?𝐻)
 𝑀𝐻
𝑀𝐷
 
?̅?𝐷
?̅?𝐻
 ,   (4.10) 
where 𝑀𝐻/𝑀𝐷 is the ratio of the halo mass to disk mass within the maximum infall radius and 
𝜇𝐻/𝜇𝐷 is the relation of halo and disk surface mass densities. This yields a solution for ?̅?𝐷(?̅?𝐻) 
and the rotation curve of the halo 
𝑣𝐻
𝑟𝑜𝑡 = ?̅?𝐷𝑣𝐷
𝑟𝑜𝑡(?̅?𝐷)/?̅?𝐻 .   (4.11) 
This guarantees that the disk will have an exponential form while the angular momentum is 
conserved during the collapse. However, this model is refined further by choosing a specific 
functional form for the rotation velocity of the halo that gives a good fit to the halo rotation 
profile presented above. With the same assumption of rigidly rotating halo, the refined rotation 
velocity of the halo is expressed as 
𝑣𝐻
𝑟𝑜𝑡(𝑠) = 𝑐1𝑣𝑐  
(𝑠/𝑐2)
[1+(𝑠/𝑐2)][1+(𝑠/𝑐3) 𝑐4] 
 ,   (4.12) 
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where 𝑠 = 𝑟/𝑟𝐷  with 𝑐1 = 0.115 , 𝑐2 = 0.6 , 𝑐3 = 16 ,  𝑐4 = 0.25  and 𝑣𝑐 =  √𝐺𝑀𝐷/𝑟𝐷  is the 
circular velocity of the disk at the distance of disk scalelength 𝑟𝐷. The scalelength of the disk 
together with the virial radius 𝑟𝑣 fixes the collapse factor 
𝑓𝑐 = 𝑟𝑣/𝑟𝐷 ,   (4.13) 
which in the E00 model is approximated to be around 50 for target spin parameter 𝜆, which was 
defined in the equation 2.15. This means that if 𝑓𝑐  becomes large the disk will become small and 
vice versa. An appropriate spin parameter of the halo is 𝜆 ≈ 0.05 for a galaxy with an exponential 
disk as was introduced in the chapter 2.6. 
Finally, a more refined model to calculate the final radius of infalling gas is computed by solving 
the rotation speed of the disk using the Fourier-Bessel theorem (Binney & Tremaine 1987) 
𝑣2(𝑟) = −𝑟 ∫ 𝑆(𝑘)𝐽1(𝑘𝑟)𝑘𝑑𝑘
∞
0
  (4.14) 
𝑆(𝑘) = −2𝜋𝐺 ∫ 𝐽0(𝑘𝑟)𝜇𝐷(𝑟)𝑟𝑑𝑟
∞
0
 ,   (4.15) 
where 𝐽 is a Bessel function of the first kind. 
4.7.  Mass Infall 
The infall rate of the gas is determined either by the free-fall timescale or the cooling timescale 
depending on which timescale is longer. 
The free-fall timescale for gas at rest at radius 𝑟𝑖 is 
𝑡𝑓𝑓 = ∫
𝑑𝑟
√2[𝜙𝐻(𝑟𝑖)−𝜙𝐻(𝑟)
𝑟𝑖
0
 .   (4.16) 
The cooling time is 
𝑡𝑐𝑜𝑜𝑙 =
3
2
𝑘𝑇𝑣𝑖𝑟×1.92
Λ(Tvir)𝑛𝑒(𝑟)
 ,   (4.17) 
where 𝑛𝑒(𝑟)  is the electron density, Λ(Tvir)  is the cooling function and 𝑇𝑣𝑖𝑟  is the virial 
temperature slowly varying with radius 
𝑇𝑣𝑖𝑟 ≈ −𝑣𝐻
2(𝑟)
𝜇𝑝
𝑘
𝑑 𝑙𝑛 𝑟
𝑑 ln𝜌𝑔(𝑟)
 ,   (4.18) 
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which maintains the assumption that the gas follows the spatial distribution of the halo. As was 
introduced in the chapter 4.2, one notable thing in the cooling time is that the metallicity of the 
gas does not affect the cooling time. 
Finally, the infall rate depending on the timescale is defined as 
?̇?𝑖𝑛𝑓 = 4𝜋𝜌𝑔(𝑟𝐻)𝑟𝐻
2 {
𝑑𝑟𝐻(𝑡𝑓𝑓 = 𝑡)/𝑑𝑡     (𝑡𝑓𝑓 > 𝑡𝑐𝑜𝑜𝑙)
𝑑𝑟𝐻(𝑡𝑐𝑜𝑜𝑙 = 𝑡)/𝑑𝑡   (𝑡𝑓𝑓 < 𝑡𝑐𝑜𝑜𝑙)
.   (4.19) 
For a low-mass dwarf galaxy with short cooling time this means that all gas will fall in on a free-
fall timescale except small amounts in the most central parts of the galaxy. This is because the 
virial temperature in the central regions is 𝑇𝑣𝑖𝑟 < 10
4𝐾. On the other hand, in a Milky-Way like 
galaxy the outer parts of the disk falls in on the cooling timescale, but the gas in the inner parts 
falls in on the free-fall timescale. 
4.8.  Mass Outflow 
The mass outflow theory was presented in more detail in the chapter 3.9. In the E00 model the 
mass outflow happens when the wind speed exceeds the escape velocity of the halo 𝑣𝑤 > 𝑣𝑒𝑠𝑐 
where the wind speed is defined as 𝑣𝑤 ≈ √2.5𝑐𝑖 with the thermal sound speed 𝑐𝑖 = √𝑘𝑇/𝜇 =
37𝑇5
½𝑘𝑚/𝑠 and a mean molecular weight of 𝜇 = 0.61𝑚𝑝. This critical velocity in a Milky Way-
like galaxy corresponds to the critical temperature 𝑇𝑐𝑟𝑖𝑡 ≈ 5 × 10
6𝐾 and for a dwarf galaxy the 
critical temperature is one order of magnitude smaller 𝑇𝑐𝑟𝑖𝑡 ≈ 3 × 10
5𝐾. This means that in low-
mass galaxies larger fraction of the hot gas can escape in the hot winds because the temperature 
of gas may exceed the critical temperature and particles are moving faster than the escape 
velocity at that radius. 
The gas with wind speed lower than the escape velocity, 𝑣𝑤 < 𝑣𝑒𝑠𝑐 is assumed to participate in 
a galactic fountain that was also introduced in more detail in the chapter 3.9.  In this model the 
disk potential and the angular momentum of the gas is neglected while the ballistic trajectories 
of the gas are calculated. The gas in the galactic fountain is assumed to return back to the disk at 
the radius where it was expelled after a time 𝑡𝑟𝑒𝑡, which was defined in equation 3.42. 
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4.9.   Refinement Parameters 
The simulation can be further refined with other input parameters. 
The first refinement parameter is 𝜖𝑆𝑁𝐼𝐼, which tells how effectively energy is coupled to the hot 
coronal gas.  ?̇?𝑆𝑁𝐼𝐼 is supplied to the corona by Type II supernovae forming above or beyond one 
scaleheight from the cold gas layer. This also includes the energy distributed by type Ia 
supernovae that are typically observed. The distributed energy is defined as 
?̇?𝑆𝑁𝐼𝐼  ≈ 5.7 × 10
40𝜖𝑆𝑁𝐼𝐼𝐸51?̇?∗𝑒𝑟𝑔 𝑠
−1,   (4.20) 
where ?̇?∗ is the star formation rate in 𝑀☉  per year. The scaleheight for a disk in hydrostatic 
pressure equilibrium is 
𝐻𝑔 =
𝜎𝑔
2
𝜋𝐺𝜇𝑔
1
(1+
𝛽
𝛼
)
 ,   (4.21) 
where 𝛼 and 𝛽 relate the vertical velocity dispersion 𝜎∗  and surface mass density 𝜇∗of the stars 
to those of the gas clouds and are expressed as 
𝜎∗ = 𝛼𝜎𝑔     (4.22) 
𝜇∗ = 𝛽𝜇𝑔 [ 𝑀☉/𝑝𝑐
2] ,  (4.23) 
where 𝜇𝑔 is the surface mass density of the gas, 𝜎∗ is the velocity dispersion of stars and 𝜎𝑔 is the 
velocity dispersion of gas both in units of km/s. The velocity dispersion of cold gas clouds in 
vertical direction is assumed to be constant. 
The Bonnor-Ebert efficiency parameter 𝜖𝐵𝐸  controls the pressure-induced star formation by 
setting the efficiency how over-pressured clouds collapse to make stars. This is typically set to 
zero. In the E00 model this value has little effect on the evolution of the galaxy even when it is 
other than zero, 𝜖𝐵𝐸  ~0.05. This parameter is usually kept zero, because star formation regulates 
itself by converting cold gas into hot gas as was described in the chapter 3.5. For Milky Way the 
typical Bonnor-Ebert mass is 𝑚𝐵𝐸 ≈ 1700 𝑀☉. 
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Figure 21: The refined model with values listed in Table 4 for the MW1 and DW1 models. Dashed lines show the evolution of gas 
in stars and solid lines the evolution of cold gas as a function of radius. The 𝑟𝐷 is called the fiducial radius and the values for both 
models can be found in table 3. The results are plotted at ages of 0.1, 1, 3, 6 and 10 Gyr and for the MW1 model also at 15 Gyr. 
(Figure: Efstathiou 2000) 
The sixth parameter controls the cooling of the gas in the corona. It can be set to zero when there 
is no cooling and all values higher than zero mean that the cooling is turned on. In the E00 model 
the cooling in the corona is always turned off. In this thesis the model is expanded in one of the 
models presented in the next chapter where the coronal cooling is turned on.  
Finally the seventh parameter controls the variation of cloud radii with pressure.  All clouds have 
constant radii if the value is set to zero. However, in the realistic cases the cold cloud will adjust 
its radii to maintain pressure equilibrium with the hot phase. The relation of radii is 
𝑎
𝑎☉
≈ 0.53 (
𝑇𝑐
80𝐾
)
1
3 (𝑛ℎ−2𝑇ℎ6)
−1/3,   (4.24) 
Where 𝑎☉ is the cloud radii in the solar neighbourhood, 𝑇𝑐 is the internal temperature of cold 
clouds and 𝑇ℎ6 is the temperature of the hot phase in units of 10
6𝐾. In the model presented by 
Efstathiou (2000) changing the temperature 𝑇𝑐  from 40 K to 160 K changes the escaped gas 
fraction only by few percents. Therefore the pressure of the hot phase almost solely determines 
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the cloud radii. This can be also set to zero when this parameter is turned off, or to one when the 
parameter is used in the calculations. 
These input parameters are tested with six Milky Way-like galaxies and six dwarf galaxies in the 
paper by Efstathiou (2000). The exact input parameters essential to this thesis are shown in Table 
5 with some of the obtained results that are explained in more detail in the next chapter.  
 
Table 5: The E00 model tested several different models, but MW1 and DW1 are the most basic models for a Milky way-like galaxy 
and for a dwarf galaxy. These results are plotted in figures 18 and 19.  Section 5.4 in the table refers to the seventh input parameter 
where the cloud radii is either set to constant or to vary depending on the pressure of the hot phase, which in this case is turned 
off. The table also contains input parameters and results of the second models MW2 and DW2 that are presented in more detail 
in chapter 5. (Table: Efstathiou 2000) 
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4.10. Output Data 
In this chapter the output data of the code is explained. Time is the first parameter. The timescale 
which is simulated may vary and the length of the simulated time can be adjusted freely. The 
lower limit is set to zero, but the end time is not limited. However, at this time the upper limit is 
set to 15 Gyr, which is a rough approximation of the age of the Universe.  
Most of the values are given as global values, which do not represent a detailed description of 
the measured properties at different distances from the galactic centre. The global values are 
calculated from radial values and the quantity of radial steps can be manually set in the 
simulation. This also means that the resolution of the simulation can be adjusted by increasing 
the number of steps. These radial steps follow a logarithmic scale, so the resolution decreases 
the farther from the centre the disk is observed.  
Metallicity is one of the properties that affects the primordial cooling of gas and therefore also 
the star formation as is presented earlier in this thesis. In this model the metallicity does not 
affect the cooling process, but the evolution of metallicity is calculated for the lost gas, gas left in 
the halo and stellar metallicity. The simulation gives several metallicity related results. The next 
three metallicity values are all given in units 𝑍/𝑍☉. The first one is the global metallicity of the 
lost gas from the halo. The second metallicity is the global metallicity of the gas that is left in the 
halo. Finally, there are the stars in the galaxy. Stars are formed from gas that already might have 
been enriched by metals. This means that metal enriched gas gets tied into stars as long as there 
is ongoing star formation. Therefore, the last metallicity value is the global metallicity of stars. 
The next parameter is the global star formation rate that is given in 𝑀☉/𝑦𝑟. The Star formation 
rate (SFR) is important, because it determines the conversion of cold gas into stars. Increasing 
the efficiency parameter 𝜖𝑐  has little effect on the SFR in the self-regulating model. This is 
because increasing the value 𝜖𝑐 decreases the SFR for a fixed gas surface density and velocity 
dispersion. On the other hand, if new stars are not born the surface density of gas increases, 
which again increases the SFR.  In the chapter 3.6 the theory of star formation rate was inspected 
in more detail.  
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The next five parameters are results of mass evolution and distribution within the halo. These 
are total stellar mass of the disk 𝑀𝑠, total gaseous disk mass 𝑀𝑔, total gas mass of the halo, total 
mass lost 𝑀𝑒𝑗 and finally the total mass, which is the sum of the first four.  
 
 
Figure 22 𝑔(𝛼, 𝛽) factor plotted with three 𝛼 values against 𝛽. This factor appears on the stability criterion that defines the gas 
velocity dispersion. (Figure: Efstathiou 2000) 
 
The disk is rotating differentially the stability of the disk is observed using a stability criterion. The 
Toomre stability criterion, which was introduced in more detail in chapter 3.6, cannot be used 
directly because it can be used only for one component disks. In this case the stability criterion 
needs to take two components, stars and gas, into consideration. In this model a similar two 
component criterion, Goldreich-Lynden-Bell criterion, is used instead. The velocity dispersion of 
the gas clouds 𝜎𝑔 is obtained with the Goldreich-Lynden-Bell stability criterion, 
𝜎𝑔 =
𝜋𝐺𝜇𝑔
𝜅
𝑔(𝛼, 𝛽),   (4.25) 
where, 𝜇𝑔 is the surface gas density and 𝜅 is the epicyclic frequency  
77 
 
𝜅 = 2𝜔 (1 +
1
2
𝑟
𝜔
𝑑𝜔
𝑑𝑟
)
1/2
.   (4.26) 
The factor 𝑔(𝛼, 𝛽) is a correction operator for a two-component disk and it is depending on the 
𝛼 and 𝛽 values like shown in the figure 20. 
The dependence of the gas velocity dispersion on this kind of stability criterion is supported also 
by empirical evidence (Kennicutt 1998). In E00 is assumed that 𝛼 = 5  and stars are 
instantaneously accelerated to higher random velocities than the gas cloud system.   
 
 
Figure 23: Evolution of the star formation rate, gas fraction and gas cloud velocity dispersion. These figures are representatives of 
the MW1 and DW1 models presented earlier in figures 18 and 19.. (Figure: Efstathiou 2000) 
 
The timestep and number of distance steps can be adjusted. In the beginning of this chapter and 
in Figure 17 the simulation model was introduced with the approximation of a thin disk. The 
simulation consist of rings that are within each other and the output values are calculated at 
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distance from the centre for each circle.  As a default the simulation uses 100 logarithmic radial 
steps in calculations. The radius is given in units of 𝑟/𝑟𝐷, where 𝑟𝐷 is the scalelength of the disk. 
Several surface density parameters are also generated. Stellar surface density and gas surface 
densities are both given in 𝑀☉/𝑝𝑐
2. Third parameter is the star formation surface density in units 
𝑀☉/𝑦𝑟/𝑝𝑐
2. These are important figures, because these can be used to determine how effective 
the supernova feedback is. 
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5.  Results and Discussion 
5.1.  Models 
In this chapter the results of two galaxy models are presented. For both galaxies there are four 
separate cases using various input parameters. The first model is a Milky Way-like massive disk 
galaxy with a circular velocity of 𝑣𝑐 = 280 𝑘𝑚 𝑠
−1. The second model is a significantly less 
massive dwarf galaxy with a circular velocity of 𝑣𝑐 = 70 𝑘𝑚 𝑠
−1 . Both models present 
corresponding results for four cases presented in table 6. The calculations are done with the same 
E00 model described in more detail in the previous chapter.  
The results of the first two cases in table 5 are presented for both galaxy models. After these cases 
that follow the work of Efstathiou (2000) there are new results for both galaxy models with 
refinement parameters turned on. Finally, both galaxies are simulated as if they had very active 
star formation. The purpose here is to calculate what the evolution of the galaxy would be if the 
star formation would be very active from very early on and would continue as such. All simulated 
cases and used input parameters are presented in table 6. Correspondingly, the output parameters 
are presented in table 7 and the results are introduced and analysed in more detail in the following 
sections. 
 
Table 6: The table shows the values of the input parameters used in all four models presented in this chapter. The input parameters 
are the same introduced in the previous chapter and listed in Table 3. The parameter on the far right of the table, 𝑟𝐷 is the fiducial 
scale radius and the values of 𝑟𝐷 used in these calculations are the same as they were in the E00 model. The first two models 
follow the same parameters as the models in table 3, but the last two expand on the original models.   
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Table 7: The output parameters of all four models for a massive Milky Way-like galaxy and a small dwarf galaxy. The input 
parameters are presented in table 6. 
 
5.2.  Massive Disk Galaxy – Model MW1 
The first case is the most basic model without refinement parameters, which otherwise 
corresponds to a massive Milky Way-like disk galaxy. The input parameters (table 6) follow the 
MW1 model presented in table 5.  
 
Figure 24: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. The results are plotted for the ages from 0.05 to 15 Gyr starting from the left. 
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The results in Figure 24 are in agreement with those presented in Table 5 using the same input 
parameters, which also confirms that the simulation was used correctly in calculations that are 
made for this thesis.  
The gaseous disks has a sharp outer edge that is a consequence of the infall model where the 
maximum radius is determined by the final time of the model. The final time sets the maximum 
cooling radius within the halo. (Efstathiou 2000) 
Star formation peaks at 0.1 Gyr at a value of  ~10 𝑀☉/𝑦𝑟  and rapidly slows after that to 
approximately ~ 1 − 2 𝑀☉/𝑦𝑟 level after 0.5 Gyr (Figure 25), which is also the time when the 
ejection of gas stops (Figure 28). This correlates directly with the growth of the stellar mass of 
the disk (Figure 26). The rapid growth of stellar mass stops after ~0.2 Gyr and continues to 
increase at a lower rate. Finally, the stellar mass of the disk is approximately  3 × 1010 𝑀☉. The 
velocity dispersion of the gas settles near to 6 km s−1 (Figure 29) after 0.5 𝐺𝑦𝑟 when the peak 
phase of star formation has also settled down. At first the temperature of the hot component 
rises to above 106𝐾 (Figure 24) during the early phases of the evolution. This drives the negative 
feedback, which can be seen also from the plot in Figure 28 where most of the gas is ejected in 
the early phases of the evolution. 
The profile also shows oscillations in the stellar, cold and in hot gas (Figure 24) near the centre of 
the galaxy at small radii. This is a result of the galactic fountain that sends gas into ballistic orbits, 
which will fall back at another part of the disk. The density of the hot component decreases while 
the distance from the galactic centre increases. Eventually the hot gas in the outer parts of the 
disk disappears completely. This is due to the larger gravitational potential and denser stellar 
density closer to the central parts of the galaxy. The higher stellar density can produce more 
feedback and this way increase the quantity of the hot component in the inner parts compared 
to the outer parts of the galaxy. In the outer parts of the disk the gas is either in stars or in a cold 
phase while the hot component has escaped the galaxy or is located outside the disk in the 
galactic halo.  
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Figure 25: Star formation rate of the MW1 model plotted from 0 to 15 Gyr. The star formation rate peaks at 0.2 Gyr at values of 
~ 10 𝑀☉/𝑦𝑟. The fluctuations after 1 Gyr are caused by the gas that is participating in a galactic fountain. Infalling gas returns to 
the disk causing new star formation activity.   
 
Figure 26: Total stellar mass of the disk in the MW1 model. The plot is calculated from the beginning to 15 𝐺𝑦𝑟. Stellar mass 
continues to grow through the galaxy’s lifetime, but the growth rate slows after 0.2 Gyr. 
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Parameters for the final fractions of ejected gas mass fej and the final stellar mass in the disk f∗ 
were calculated by dividing corresponding masses Mej  and  M∗  with the total baryonic mass 
M𝑏𝑎𝑟𝑦𝑜𝑛 = 𝑀𝑒𝑗 +𝑀∗ +𝑀𝑔, which also means that f∗ + 𝑓𝑒𝑗 + 𝑓𝑔 = 1.  In the MW1 model the 
final ejected gas fraction is fej = 0.10 and the final stellar mass fraction in the disk is f∗ = 0.77 
while the rest of the disk mass remains in gas fg = 0.13. These results are comparable to the 
results presented in table 5 and in agreement with the results by Efstathiou (2000).   
 
Figure 27: The plot shows the evolution of the ratio between the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷 from 0 𝐺𝑦𝑟 to 15 𝐺𝑦𝑟. 
Figure 27 shows how the fraction of gas mass in the disk Mg evolves during the galaxy formation 
process in relation to the disk mass MD. Before 0.1 Gyr the majority of the mass consists of gas, 
but when the star formation approaches its peak value the gas mass fraction momentarily goes 
to zero at 0.07 Gyr until more gas falls into the disk from the halo. While remembering the thin 
disk approximation, this also means that before 0.1 Gyr there is very little mass in the disk until 
enough time has passed for the gas to fall into the disk. Moreover, most of the infalling gas is 
rapidly transformed into stars or ejected due to the feedback from star formation. By comparing 
stellar mass and ejected gas mass in Figures 26 and 28 it can be seen that approximately equal 
quantities of gas are turned into stars and ejected from the galaxy before 0.3 Gyr. 
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Figure 28: The solid line shows the ejected gas mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. Both 
values are plotted to 15 𝐺𝑦𝑟 and presented in units of 𝑀☉. The ejection of gas stops before 0.4 Gyr, but the gas mass keeps 
increasing until the end.  
 
Figure 29: The velocity dispersion of the gas plotted from 0.01 Gyr to 15 Gyr. After 0.5 Gyr the velocity dispersion of gas settles 
near 6 𝑘𝑚𝑠−1. 
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5.3.    Massive Disk Galaxy – Model MW2 
The second model (MW2) is otherwise the same as the MW1 model, but the effectiveness of the 
feedback has been lowered by lowering the value for the effectiveness of thermal conduction to 
𝜙𝜅 = 0.01.  
 
Figure 30: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The results are close to the results of the first model. The diagram on the right hand side shows 
the density (dashed lines) and the temperature (solid lines) of the hot gas. With higher star formation rate also the temperature 
is higher and the density lower than in the MW1 model.  The results are plotted for the ages from 0.05 to 15 Gyr starting from the 
left. 
Star formation rate peaks after 0.2 Gyr at ~15 𝑀☉/𝑦𝑟  and rapidly slows down after that to 
approximately ~ 1 𝑀☉/𝑦𝑟 level after 1 Gyr (Figure 31). This means that the peak of the star 
formation rate is higher than it was in the MW1 model. This is a result of a less effective feedback, 
which is not preventing star formation as effectively. The evolution of the stellar mass is almost 
similar to the MW1 model, but most of the stars are born faster, which can be seen by comparing 
the plots of stellar mass of the disk in figures 26 and 32. In this case the mass loss continues 
longer and the ejection occurs until 0.9 𝐺𝑦𝑟 before it finally ends. The temperature of the hot 
gas is also higher and the density of the hot gas lower (Figure 30) than was the case in the MW1 
model.  
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The strong star formation rate during the early phases does not create a more massive stellar 
disk. On the contrary, the stellar disk in the end is slightly less massive 2.3 × 1010 𝑀☉ than was 
the case with the MW1 model. The velocity dispersion of gas behaves almost identically to the 
MW1 model and settles close to 6 km s−1 (Figure 35) after 0.5 𝐺𝑦𝑟 when the peak phase of star 
formation has also settled down. The temperature of the hot component rises to values higher 
of 𝑇ℎ ≥ 10
6 𝐾 in the early phases of the evolution before settling down to a lower temperature, 
which still is higher (𝑇ℎ ≥ 20 × 10
5 𝐾) than in the MW1 model. This also reflects on the ejected 
gas mass (Figure 34).  
 
Figure 31: The star formation rate of the MW2 model plotted from 0 to 15 Gyr. The star formation rate peaks after 0.2 Gyr, which 
is slightly later than in the MW1 model. Also the peak, ~ 15 𝑀☉/𝑦𝑟, is higher than in the MW1 model. Contrary to the MW1 model 
the fluctuations after 1 Gyr are slightly smaller. 
A higher star formation rate results in a higher ejected gas fraction fej = 0.22 and less massive 
stellar disk with mass fraction f∗ = 0.64. The rest of the disk mass remains in gas form fg = 0.14.  
Again, these results are comparable to the results presented in table 5 and in agreement with 
the results by Efstathiou (2000).  
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Figure 32: Total stellar mass of the disk calculated from the beginning to 15 𝐺𝑦𝑟 for the MW2 model. Stellar mass continues to 
grow through the galaxy’s lifetime similar to the MW1 model. The final stellar disk is less massive than in the MW1 model. 
The fraction of gas mass in the disk Mg/MD (Figure 33) evolves in a similar manner as in the MW1 
model until 0.1 Gyr. After 0.1 Gyr the gas fraction settles to Mg/MD ≈ 0.2, while in the previous 
case the gas fraction first rose to a higher level before returning back to ~0.2 level. 
The end result with the MW2 model is not a more massive disk even though 𝜙𝜅 was set to a much 
lower level than it was in the MW1 model allowing more effective star formation to take place. 
However, when the star formation rate rises to a higher level, also the temperature of the hot 
component is higher and the ejection of gas is easier and it may happen in larger quantities. This 
makes the star formation slower at later times from ~0.5 𝐺𝑦𝑟  to ~3 𝐺𝑦𝑟 as can be seen by 
comparing the evolution of stellar mass in Figure 32 to the corresponding Figure 26. The same 
effect is visible in Figure 33 where the fraction of gas mass does not increase during this time 
period. 
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Figure 33: The plot shows the evolution of the ratio between the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷 in the MW Cooling 
model from 0 𝐺𝑦𝑟 to 15 𝐺𝑦𝑟. The evolution before 0.1 Gyr is almost identical to the MW1 model. After 0.1 Gyr the ratio settles to 
~0.2, while in the previous case (Figure 27) the ratio increased before returning back to the final level. 
 
Figure 34: The solid line shows the ejected mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. Both 
values are plotted to 15 𝐺𝑦𝑟 and presented in units of 𝑀☉. The ejection of gas stops at 0.9 Gyr. Weaker feedback efficiency has 
little effect on the evolution of the gas mass in the disk, which behaves in a similar manner as in the MW1 model. 
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Figure 35: The velocity dispersion of the gas plotted up to 15 Gyr. After 0.5 Gyr the velocity dispersion of gas settles near 6 𝑘𝑚𝑠−1. 
The evolution of the velocity dispersion is almost identical to the MW1 model. 
5.4.  Massive Disk Galaxy – Refined Model 
The third model, MW Refined, experiments with the refinement parameters that were disabled 
in the first two cases. Some results were given in the original work by Efstathiou (2000) using 
refinement parameters with the conclusion that small changes in the refinement parameters will 
not affect the evolution in a significant manner. However, in this thesis new values for refinement 
parameters are used to experiment with the refined model in a different manner than before. 
The initial condition parameters used in this thesis are presented in table 6. The first refinement 
parameter is 𝜖𝑆𝑁𝐼𝐼, which tells how effectively energy is coupled to the hot coronal gas. In the 
standard case this was set to zero, but in this refined model a small portion of the energy is 
transferred to the coronal gas by setting 𝜖𝑆𝑁𝐼𝐼 = 0.01 . The second refinement is made by 
activating cooling of the gas in the halo by setting 𝑖𝑐𝑜𝑜𝑙 = 1. Finally, the parameter controlling 
the variation of cloud radii is set to 1, which means that gas clouds do not have constant radii, 
but the radii will change with pressure. A more accurate description of each parameter was given 
in Chapter 4.9. 
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Figure 36: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. The refinement parameters cause plots in both panels to fluctuate more than in the MW1 model. The results 
are plotted for the ages from 0.05 to 15 Gyr starting from the left. 
 
Figure 37: Star formation rate plotted from 0 to 15 Gyr. The SFR of the MW Refined model behaves almost similar to the SFR in 
the MW1 model. The star formation rate peaks at 0.2 Gyr at values of ~ 10 𝑀☉/𝑦𝑟. Also the fluctuations after 1 Gyr are similar 
to those in the MW1 model.  
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The star formation rate behaves roughly in a similar manner as in the MW1 model. Star formation 
peaks after 0.2 Gyr to ~10 𝑀☉/𝑦𝑟  and rapidly slows after that to approximately ~ 2 𝑀☉/𝑦𝑟 
level after 1 Gyr (Figure 37). The evolution of the stellar mass is almost identical to the MW1 
model and the final mass of the stellar disk is very close to the disk of the MW1 model. The 
temperature of the hot component (Figure 36) fluctuates more than in the MW1 model. Also the 
density of the cold gas fluctuates between 1 − 10 𝑀☉/𝑝𝑐
2 at all radii (Figure 36), while in the 
case of the MW1 model the fluctuations were more restricted to the central areas of the galaxy. 
The biggest difference with the MW1 model is the lower quantity of gas in the disk. Otherwise 
the output parameters are roughly the same as in the MW1 model as can be seen in table 7. This 
shows that the massive Milky Way-like galaxy model is insensitive to changes in the refinement 
parameters and at least for a massive disk galaxy the basic model gives realistic results even 
without refinements turned on.   
 
Figure 38: The total stellar mass of the disk behaves nearly identically to the corresponding plot (Figure 26) of the MW1 model. 
The final stellar disk mass is only marginally more massive than in the MW1 model.  The plot is calculated up to 15 𝐺𝑦𝑟.  
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Figure 39: The plot shows the evolution between the ratio of the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷 from 0 𝐺𝑦𝑟 to 15 𝐺𝑦𝑟. 
The gas fraction in the disk behaves similar to the MW1 model before ~0.1 Gyr. After that the gas fraction is rising to a higher 
level more rapidly and then starts to decrease slowly. In the end there is less gas in the disk than in the MW1 model as can be seen 
also in the output values in table 7.  
 
Figure 40: The solid line shows the ejected gas mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. Both 
values are plotted to 15 𝐺𝑦𝑟 and presented in units of 𝑀☉. The ejected gas mass is roughly the same and is ejected at the same 
rate and ending at the same time as in the MW1 model. The gas mass in the disk stops increasing after ~3 Gyr.  
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Figure 41: The velocity dispersion of the gas plotted from up to 15 Gyr. Also the velocity dispersion behaves roughly the same as 
in the MW1 model. The major difference is the final value that in this case settles slightly lower to a value  4 𝑘𝑚𝑠−1. 
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5.5.  Massive Disk Galaxy – Starburst Model 
The MW2 model introduced a case where the feedback effect was reduced, but the star 
formation efficiency was held at the same level as in the MW1 model. In this chapter the initial 
parameters are otherwise the same as they were in the MW2 model, but the star formation 
efficiency is increased to 𝜖𝑐 = 0.05. Therefore, also the results are compared mainly to the 
results of the MW2 model. The goal is to simulate a starburst-like galaxy, which is created by 
making two changes to the parameters in the basic MW1 model. These changes are increased 
star formation efficiency 𝜖𝑐 and a lower thermal conduction 𝜙𝜅.  
 
Figure 42: A Milky Way-like galaxy in a scenario that would resemble a starburst galaxy. The diagram on the left hand side shows 
the evolution of the stellar surface density (dashed lines) and the surface density of cold gas (solid lines). The diagram on the right 
hand side shows the density (dashed lines) and the temperature (solid lines) of the hot gas. The results are plotted for the ages 
from 0.05 to 15 Gyr starting from the left. 
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Figure 43: The star formation rate plotted up to 15 Gyr for the MW Starburst galaxy model. The star formation rate behaves 
similar to other models, but the peak at ~0.2 𝐺𝑦𝑟 is over  13 𝑀☉/𝑦𝑟, which is almost as high as in the MW2 model. 
The final stellar disk mass for the MW Starburst model is  ~2.2 × 1010 𝑀☉ and the formation is 
almost identical to the MW2 model (Figure 44). The disk in the starburst model is also the least 
massive stellar disk of all the different Milky Way-like disk galaxies observed in the previous 
chapters. This corresponds to f∗ = 0.58 . The final ejected gas fraction is fej = 0.19  and the 
fraction of the final gas mass in the disk is fg = 0.23. The stellar mass fraction is smaller, because 
there is more gas in the disk (Figure 35). The resulting less massive disk and the high fraction of 
ejected gas can be explained by the self-regulating model, which means that the increase in star 
formation efficiency 𝜖𝑐 will also make the feedback stronger as was introduced in chapter 4.10. 
The hot component rises to a high temperature 𝑇ℎ > 10
7𝐾  in the beginning, but then the 
temperature settles roughly to the same level as in the MW2 model. The star formation rate 
(Figure 43) behaves similar to the MW2 model, but the peak of the star formation rate at 
~0.2 𝐺𝑦𝑟 is not as high.  The temperature of the hot component (Figure 42) is higher and the 
density of the cold gas lower due to self-regulating star formation and stronger feedback. The 
biggest difference to the MW2 model is the gas mass in the disk, which is larger in the starburst 
case.  
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Figure 44: Total stellar mass of the disk up to 15 𝐺𝑦𝑟. The stellar mass continues to grow through the galaxy’s lifetime, but 
significantly slows after 0.2 Gyr, which is 0.1 Gyr earlier than in the MW Cooling model. The evolution of the stellar mass is almost 
identical to the MW2 model. 
 
Figure 45: The plot shows the evolution between the ratio of the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷 in the MW Starburst 
model up to 15 𝐺𝑦𝑟. The final gas fraction of the disk is higher than in the other MW models. 
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Figure 46: The solid line shows the ejected mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. Both 
values are plotted up to 15 𝐺𝑦𝑟. 
 
Figure 47: The velocity dispersion of the gas plotted from 0.01 Gyr to 15 Gyr. The shape is similar to other models, but the final 
value settles to ~8 𝑘𝑚𝑠−1, which is higher than in the other MW models, because there is more energy released inside the system 
accelerating particles to higher velocities. 
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Even in the starburst case the final results are not significantly different from the other cases. 
The resulting gas mass is very similar to that of the other models. The resulting stellar and gaseous 
disks extend roughly to the same distance in all the models. The models (MW2 and MW 
Starburst) with adjusted feedback  (𝜙𝜅 ) and star formation efficiency (𝜖𝑐) have less massive 
stellar disks than the models with less strong star formation. The strong peak in a star formation 
rate during the early phases, before 1 Gyr, creates strong feedback and heats the hot component 
more than in the cases with lower star formation rates. This reflects on the later evolution of the 
galaxy with more mass escaping the galaxy in supernova-driven winds and resulting in a less 
massive stellar disk. The ejected gas mass can be as much as ~20 per cent for a Milky Way-like 
galaxy.   
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5.6.  Dwarf Galaxy – Model DW1 
In the previous chapters the results of a massive Milky Way-like disk galaxy were studied. The 
following chapters concentrate on showing similar results for a less massive dwarf galaxy. The 
simulation code is the same and uses the E00 model as was used in the previous chapters. Also 
the used input parameters are similar to those in the previous chapters and a full list of 
parameters in different cases is shown in table 6. Unlike in the previous chapter, the dwarf galaxy 
cases are plotted only up to 10 Gyr.  
 
Figure 48: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. In both panels an extended gaseous disk can be seen around the stellar disk. The results are plotted for the 
ages from 0.05 to 10 Gyr starting from the left. 
Similar to the MW1 and MW2 models the first two cases with the dwarf galaxy models follow the 
work of Efstathiou (2000). The goal with the first two cases is to achieve the results that agree 
with those presented in table 5.  
The final stellar disk mass for the DW1 model is ~4.1 × 107 𝑀☉. In the case of the DW1 model 
the final ejected gas fraction is fej = 0.59  and the final stellar mass fraction in the disk is              
f∗ = 0.10. The final gas mass fraction of the disk is fg = 0.31. The results are very different for a 
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dwarf galaxy compared to a massive disk galaxy as can be seen by comparing the results in       
table 7. A much higher fraction of the total mass escapes the galaxy in supernova driven winds 
and less gas is turned into stars. After the initial peak, the temperature of the hot component 
settles to lower temperatures to a few times 105 K, which is lower than the temperatures in the 
MW models. 
In the case of massive galaxies the radius of the stellar disk was approximately the same as was 
the radius of the gas disk. In the DW1 model an extended gaseous disk with much larger radii is 
formed around a stellar disk as can be seen in Figure 48.  
 
Figure 49: The star formation rate of the DW1 model plotted from the beginning to 10 Gyr. In this lower mass case the star 
formation rate peaks at 0.07 Gyr to ~ 0.35 𝑀☉/𝑦𝑟, which is significantly lower than in a more massive disk galaxy where the 
corresponding SFR peak value was ~ 10 𝑀☉/𝑦𝑟. The peak is also reached at an earlier time than in the MW models.  
Figure 49 shows the evolution of the star formation rate for the DW1 model. The star formation 
rate reaches the peak value ~0.17 𝑀☉/𝑦𝑟 at 0.05 Gyr, which is earlier than it does in the more 
massive galaxies in the previous chapters. The peak value of SFR is also significantly smaller than 
in the MW model (~10 𝑀☉/𝑦𝑟). Also there are no significant oscillations in star formation at 
later times as was the case with the massive galaxies. In the case of a less massive galaxy it is 
easier for gas to escape the galaxy because of the lower escape velocity. This is directly 
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observable by looking at the fractions of the ejected gas on both MW and DW cases (table 7). 
Therefore, there is less gas that would return back to the disk and which would initiate more star 
formation at later times. This can be seen also in Figure 48 that also lacks the oscillations seen in 
the MW cases in the previous chapters.  
 
Figure 50: Stellar mass of the DW1 model plotted up to 10 Gyr. When compared to the growth of stellar mass in a more massive 
Milky Way-like galaxy (Figure 27) the stellar mass goes through a much shorter rapid growth phase after 0.01 Gyr, which starts 
to slow down at 0.02 Gyr point and finally at 0.07 Gyr settles to almost constant growth. 
Also in a dwarf galaxy the star formation rate begins to rise when the gas mass in the disk starts 
to rise again from the infalling gas. Most of the ejected gas escapes the system before 0.5 𝐺𝑦𝑟, 
which is 0.2 Gyr later than was the case with the MW1 model. 
In the case of a dwarf galaxy the timescales are shorter than in a more massive disk galaxy. 
Excluding the most central parts of the disk where the virial temperature exceeds 104𝐾 the gas 
infall happens on a free-fall timescale because the cooling time is short. Figure 50 shows the 
evolution of the stellar mass in the disk. The relative increase in stellar mass after 0.1 Gyr is slower 
than in the case of a more massive disk galaxy (i.e. Figure 26). The gas mass in the disk, on the 
other hand, keeps increasing throughout the entire lifetime of the galaxy, or at least up to 10 Gyr 
where the simulation stops.  
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Compared to the more massive galaxies the ejection of the gas goes on for longer. The ejection 
stops only at 4 Gyr, while in the MW1 model the ejection stopped already at 0.4 Gyr.  
 
Figure 51: The plot shows the evolution between the ratio of gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷. The gas fraction in the disk 
may increase throughout the lifetime of the galaxy. 
 
Figure 52: The solid line shows the ejected mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. The 
ejection of gas continues longer than in a massive galaxy and the final mass fraction of the ejected gas is much higher. 
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Figure 53: The velocity dispersion of the gas plotted from 0.01 Gyr to 10 Gyr. The velocity dispersion settles to ~2 𝑘𝑚𝑠−1,   
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5.7.  Dwarf Galaxy – Model DW2 
The second model uses the same parameters as the DW1 model, but the effectiveness of the 
feedback has been lowered by lowering the value for the effectiveness of thermal conduction to 
𝜙𝜅 = 0.01. The disk radius is roughly the same as in the DW1 model, but the ejected gas mass as 
well as the stellar disk mass are both higher. With weaker feedback, star formation can be more 
efficient. Even though the shape of the star formation rate (Figure 55) is the same as in the DW1 
model, the peak is higher reaching ~0.28 𝑀☉/𝑦𝑟 while in the DW1 model the peak of the star 
formation rate was only ~0.17 𝑀☉/𝑦𝑟. 
The stellar disk is more massive, 𝑀𝑠 ≈ 7.2 × 10
7 𝑀☉ , than in the DW1 model. However, the 
radius of the stellar disk is not significantly different (Figure 54). Also an extended gaseous disk 
with a similar radius is formed in this model as well.  
 
 
Figure 54: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. The gas disk has roughly the same radii as in the DW1 model. The results are plotted for the ages from 0.05 
to 10 Gyr starting from the left. 
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Figure 55: Star formation rate of the DW1 model plotted from the beginning to 10 Gyr. In this lower mass case the star formation 
rate peaks at 0.07 Gyr to ~ 0.35 𝑀☉/𝑦𝑟, which is significantly lower than in a more massive disk galaxy where the corresponding 
SFR peak value was  ~10 𝑀☉/𝑦𝑟. The peak is also reached at an earlier time than in the MW models. 
 
Figure 56: Stellar mass plotted up to 10 Gyr. The evolution of stellar mass is almost the same as in the DW1 model. The resulting 
disk is slightly more massive than in the first DW model. 
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The final ejected gas fraction is fej = 0.65 and the final stellar mass fraction is f∗ = 0.15. The final 
gas mass fraction of the disk is fg = 0.20. The temperature of the hot component remains higher 
throughout the simulation than in the DW1 model as can be seen in Figure 54. More gas is turned 
into stars before the star formation rate drops. This also means that the fraction of gas in the disk 
is lower and the hot component is heated to a higher temperature than in the basic case in the 
previous chapter.  
In the MW models gas ejection stops before 1 Gyr and the star formation timescale is longer than 
the ejection timescale. This is not the case with dwarf galaxy models. Instead, the star formation 
occurs on a much shorter timescale and the ejection timescale is longer. In this model the ejection 
continues through the entire simulation up to 10 Gyr. The differences between the DW1 and 
DW2 models do not completely resemble the corresponding results between the MW1 and MW2 
models. In the case of the MW2 model the ejected gas mass was also higher than in the MW1 
model, but unlike in the DW2 model, the MW2 model had a less massive stellar disk than the 
MW1 model. Also the mass fraction of gas in the disk remained almost the same between the 
MW models. 
 
Figure 57: The evolution between the ratio of the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷.  
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Figure 58: The solid line shows the ratio of the ejected mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the 
disk. The ejection of gas continues until the end of the simulation. 
 
Figure 59: The velocity dispersion of the gas plotted up to 10 Gyr. The peak value at 0.02 Gyr is higher than in the DW1 model, but 
otherwise the behaviour resembles the DW1 model. 
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5.8.  Dwarf Galaxy – Refined Model 
The third model experiments with the refinement parameters that were disabled in the first two 
cases. The values of the refinement parameters are identical to those used in the MW Refined 
model and they are presented in table 6.  
 
Figure 60: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. The stellar disk in this model has a much larger radii than in the other models. The results are plotted for the 
ages from 0.05 to 10 Gyr starting from the left. 
The refinement parameters have much more impact on the evolution of a less massive galaxy 
than on the massive Milky Way-like disk galaxy in chapter 5.4. The DW Refined model does not 
have an extended gaseous disk around the stellar disk. Instead, the stellar disk extends as far as 
the gaseous disk (Figure 60). The stellar disk is also much more massive, 𝑀𝑠 ≈ 2.6 × 10
8 𝑀☉, 
than in the other DW models (table 7). The reason for the more massive stellar disk can be seen 
in Figure 61, which shows that the star formation rate stays at a higher level than in the other 
models excluding the peak that is slightly lower ~0.14 𝑀☉/𝑦𝑟. 
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Figure 61: Star formation rate plotted up to 10 Gyr. In this model the star formation rate peaks at 0.07 Gyr to ~0.14 𝑀☉/𝑦𝑟. 
Otherwise the plot behaves differently compared to the other DW models. The star formation does go near to zero after 1 Gyr, 
but stays relatively high and does not end during the lifetime of the galaxy of this model.   
 
Figure 62: Stellar mass plotted up to 10 Gyr. The final stellar disk is more massive than in the other DW models and the growth is 
stronger also after the 0.1 Gyr than in the other models. 
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Figure 63: The evolution between the ratio of the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷. The gas mass decreases in the disk 
since there is ongoing star formation until the end that converts gas to stars that also drive the feedback ejecting some of the gas 
up to 10 Gyr. 
 
Figure 64: The solid line shows the ejected mass 𝑀𝑒𝑗  and the dashed line shows the evolution of gas mass 𝑀𝑔  in the disk. 
Refinement parameters have more effect in a less massive galaxy. The ejection of gas continues until the end of the simulation, 
but it slows down significantly at 1 Gyr. 
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The fraction of gas mass in the disk as well as the ejected mass fraction are lower than in the 
basic DW1 model. Most of the gas turns into stars,  f∗ = 0.56 and a much smaller fraction is 
ejected in the supernova driven winds fej = 0.20. Also the density of the hot component stays 
higher for a longer period of time than in the other DW models (Figure 60). This may be a result 
of star formation which results in a more massive stellar disk in a shorter timescale than in the 
other models. This also means that the escape velocity is higher making it harder for gas to escape 
the galaxy. 
The differences between the results of this model and the DW2 model can be explained with the 
temperature of the hot component. The variation of the cloud radii is almost completely 
regulated by the temperature of the hot component (equation 4.24) and in this case it works as 
positive feedback. 
 
Figure 65: The velocity dispersion of the gas plotted up to 10 Gyr.  
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5.9.  Dwarf Galaxy – Starburst Model 
The final case is a dwarf galaxy and the goal is to simulate a high star formation rate comparable 
to a starburst galaxy. This case is otherwise the same as the DW1 model, but the star formation 
rate has been increased to a level of a starburst galaxy with 𝜖𝑐 = 0.05 as was done for the MW 
Starburst model.  
 
Figure 66: The diagram on the left hand side shows the evolution of the stellar surface density (dashed lines) and the surface 
density of cold gas (solid lines). The diagram on the right hand side shows the density (dashed lines) and the temperature (solid 
lines) of the hot gas. The results are plotted for the ages from 0.05 to 10 Gyr starting from the left. 
The final stellar disk mass for the DW Starburst model is  ~6.4 × 107 𝑀☉  (Figure 68). This is 
actually less massive than the stellar disk created in the DW2 model, which had the final mass of 
Ms ≈ 7.2 × 10
7 𝑀☉. The radius of the stellar disk (Figure 66) is approximately the same as in the 
other DW models excluding the Refined model. The final ejected gas fraction is fej = 0.57, which 
is again high compared to the MW models. The final stellar mass fraction in the disk is as low as 
f∗ = 0.12.  
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The star formation rate behaves similar to the DW1 and DW2 models and the peak value 
~0.20 M☉/𝑦𝑟 is even lower (Figure 67) than in the DW2 model. Also the ejected gas mass  Mej 
is lower than in the first two.  
The results show that also a less massive dwarf galaxy is insensitive to small changes in the initial 
parameters excluding the variation of a cloud radii as was seen in the previous chapter. The 
evolution happens mainly on a free-fall timescale and self-regulating star formation determines 
the behaviour of star formation and therefore also the strength of the feedback.    
 
 
Figure 67: Star formation rate plotted up to 10 Gyr. The star formation rate peaks at 0.07 Gyr to ~ 0.20 𝑀☉/𝑦𝑟. 
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Figure 68: Stellar mass of the DW Starburst model plotted from 0 to 10 Gyr. 
 
Figure 69: The plot shows the evolution of the ratio between the gas mass 𝑀𝑔 and the total disk mass 𝑀𝐷 up to 10 𝐺𝑦𝑟. 
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Figure 70: The solid line shows the ejected gas mass 𝑀𝑒𝑗 and the dashed line shows the evolution of gas mass 𝑀𝑔 in the disk. Both 
values are plotted up to 10 𝐺𝑦𝑟 and presented in units of 𝑀☉. 
 
Figure 71: The velocity dispersion of the gas plotted up to 10 Gyr. The peak at 0.02 Gyr rises higher than the corresponding peak 
in the DW1 model. 
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6.  Conclusions 
The main aim of this thesis has been to introduce a theory of galaxy formation in the first chapters 
of this thesis. After this the fundamental physics to test how supernova-driven feedback affects 
the formation of disk galaxies using an analytical model is introduced. Four cases were calculated 
for both, a massive Milky Way-like galaxy (MW models) with rotation speed 𝑣𝑐 = 280 𝑘𝑚 𝑠
−1 
and a less massive dwarf galaxy (DW models) with rotation speed      𝑣𝑐 = 70 𝑘𝑚 𝑠
−1. In addition 
the goal was to show that high rates of star formation are not required to drive efficient 
supernova driven feedback following the results of Efstathiou (2000), which were confirmed with 
the similar results. More importantly, this showed that an analytical model, like the E00 model, 
works surprisingly well and realistically in simulating complex physical phenomena like supernova 
driven feedback. 
In the MW models the star formation happens on long timescales of order several Gyr. Most of 
the ejection is done in the early phases of galaxy formation when the temperature of the hot 
component is high, rising to 𝑇ℎ > 10
6𝐾 . Star formation never stops completely in the MW 
models presented in this thesis. Instead, after the temperature drops below 106𝐾, the heated 
gas is not ejected from the galaxy, but is cycled into the halo in a galactic fountain. In the galactic 
fountain the hot gas cools down and returns back to the disk at other parts of the galaxy at larger 
radii. The gas returning from the galactic fountain can be seen as oscillations in the quantity of 
cold gas. The infalling cold gas may also initiate new periodic peaks of star formation between 1-
10 Gyr.  The ejection of hot gas, on the other hand, happens on very short timescales in the early 
stages of evolution. Typically, the ejection time-scale in the MW models is of order ≤ 0.30 Gyr 
with the only exception being the starburst model where the ejection takes twice that time. The 
ejected gas mass varies between 10-22 per cent from the total mass depending on the model 
and between 58-84 per cent of the total mass is turned into stars. The radius of the gas disk is 
equivalent to the stellar disk. 
In the DW models the situation is reversed and gas falls in on the free-fall time-scale, because 
the cooling time-scale is short. This makes them more sensitive to supernova feedback than 
massive galaxies. The star formation time-scale is much shorter (≤ 1 Gyr) than in the MW models 
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and only 10-15 per cent of the total gas mass is turned into stars in the basic and starburst 
models. The temperature of the hot component does not have to be as high for gas to escape 
the galaxy because of the lower escape velocity. The temperature of the hot component is of 
order a few times 105 𝐾, which drives the ejection also on long time-scales.  Therefore, in less 
massive galaxies a galactic fountain does not have a role as important as it has in the massive 
galaxies. There are no visible oscillations in the quantity of cold gas and there are no additional 
peaks of star formation at later times which could form from the sudden excess of cold gas that 
returns back to the disk from ballistic orbits. Instead, the gas that falls in at later phases (> 1 Gyr) 
of the formation creates an extended gaseous disk that has a much larger radius than the stellar 
disk. This extended gaseous disk does not turn into stars, but appears to survive longer than a 
Hubble time. 
There are several simplifications in the basic E00 model, for example the lack of interaction with 
the outflowing and infalling gas, a lack of distinction between cold gas clouds and dense 
molecular clouds and the lack of local dissipation of supernova energy in star-forming regions. 
However, observing the effects of these phenomena are beyond the scope of this thesis and also 
beyond the capabilities of the E00 model. On the other hand, the basic model can be refined with 
a few refinement parameters and this was done by introducing a refined case for both MW and 
DW models.  
The refined model caused positive feedback because the cold cloud radii were allowed to be 
controlled by the pressure of the hot component. Higher star formation resulted in a more 
massive stellar disk in both the DW and MW models. However, 82 per cent of the total gas was 
in the stellar disk in the MW Refined model and the difference with the basic MW1 model, with 
77 per cent of the total mass in the stellar disk, is much smaller than the similar results for the 
dwarf galaxy. With this result from the MW refined model the simulation shows that both 
positive and negative feedback can work simultaneously during the galaxy formation. The results 
with the DW refined model show that positive feedback can have much bigger consequences in 
lower mass dwarf galaxies. The final stellar disk may have as high as 56 per cent of the total mass 
and only 20 per cent of the gas is ejected in the supernova driven winds.   
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Finally, a case resembling a starburst galaxy with exceptionally high rates of star formation was 
tested, because at high redshifts starburst galaxies might be more common than in the present 
day Universe. Starburst activity could potentially contribute a significant part to supernova 
feedback. The starburst conditions were created with high star formation efficiency ϵc = 0.05 
and low feedback efficiency 𝜙𝜅 = 0.01. Even in these cases the results were not very different 
from the other models. With the massive Milky Way-like galaxy the ejected gas was only 19 per 
cent of the total mass and with the less massive dwarf galaxy the ejected gas mass was 57 per 
cent from the total mass. This proves that self-regulating star formation works very effectively 
and that starburst phase alone cannot exceed the effects of supernova driven feedback working 
in quiescent mode on long time-scales. 
In the MW models the final stellar metallicity varies between  Zs/Z☉ ≈ 0.4 − 0.6, but in the DW 
models the corresponding value is only Zs/Z☉ ≈ 0.2 − 0.3, excluding the refined model that 
creates a more massive stellar disk. Dwarf galaxies have lower stellar metallicities, because their 
gas is ejected from the galaxy before the metals have time to form. Therefore, also the metallicity 
of ejected gas is lower. For the MW models the metallicity of ejected gas is roughly between       
Zej/Z☉ ≈ 0.2 − 0.4  and for DW models between Zej/Z☉ ≈ 0.1 − 0.15 . For DW models 
(excluding the refined model) this is 4-5 times higher than the metallicity of the gaseous disk. 
Ejected gas originates from the central parts of the galaxy where the gas has higher metallicity 
than in the outer parts. Otherwise local mixing within a radial shell is instantaneous in this model. 
However, more precise analysis of the metallicities are outside the scope of this thesis.  
As a final conclusion, the analytical model gives surprisingly realistic results that give an 
explanation to the question of why there is still ongoing star formation in the present day disk 
galaxies. Without an efficient feedback mechanisms all gas would have turned into stars, but all 
models presented in this thesis are consistent with the fact that in a massive Milky Way-like disk 
galaxy new stars could be forming even after 15 Gyr.   
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